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In view of the problems that beset current techniques of measuring fracture toughness 
(= toughness) of thin, flexible, biological materials, a novel method was developed — 
the Single Blade Cutting Method (SBCM). This method involves moving a single, 
inclined razor blade vertically downwards at a constant speed of 10 mm min-1 using a 
modified HKU-Darvell Universal Testing Machine (Darvell et al., 1996) to cut a 
specimen held over two supports separated by a fixed gap width. The procedure also 
accounts for device friction and strain energy stored within the specimen. The testing 
machine measures the work done that goes into cutting the material while the area 
cleaved is calculated as the length of the cut multiplied by the thickness of the 
specimen. Toughness of the material is then equated to the quotient of the work done 
to cut the specimen over the total area of material cleaved. 
  
Preliminary investigation of the SBCM were promising, leading to a testing protocol 
being developed. Experiments to evaluate the optimal test parameters of the SBCM 
using various non-biological specimens suggested that it worked best at a razor blade 
cutting angle of 20° to the horizontal and a gap width of 12 mm. However, these 
parameters could vary depending on the mechanical properties of the specimens 
involved. 
 
A procedure for scissoring modified from Lucas and Pereira (1990) was also 
developed and evaluated. The toughness of various biological and non-biological 
specimens measured using this modifed procedure was compared with the results 
obtained by the SBCM. It was found that the apparent toughness measured using the 
SBCM was about 1.5 times lower than that of scissoring. The difference in the results 
 VII
was attributed to the razor blade being sharper than the scissors’ blades — a radius of 
curvature of 0.33 μm for the razor blades used in the SBCM versus 1.6 μm for the 
scissors’ blades. The sharper blade incurred less specimen damage as seen from 
scanning electron microscope images of the fracture surfaces produced by both 
methods, which directly translated into a lower apparent toughness. The SBCM also 
showed less variations and was therefore more precise than scissoring. The SBCM is 
thus a promising alternative test for measuring the fracture toughness of thin, flexible 
materials. The SBCM was also able to overcome the problems associated with high 
device friction and the inability to account for strain energy stored in the specimen, as 
seen in the scissoring test. 
 
 The SBCM is thus proposed as a viable alternative method for measuring the fracture 
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Biological materials (such as bone, fur, skin, wood, etc) are materials produced by 
biological organisms. They are different from biomaterials, which are materials 
intended to interface with biological systems to evaluate, treat, augment, or replace 
any tissue, organ, or function of the body (Doherty et al., 1991). Biological materials 
are inherently complex and made up of many different elements that can have very 
different physical properties. Their compositions are usually inhomogeneous and 
anisotropic, with material behaviours very different from typical engineering 
materials (Vincent, 1990a). 
 
Although the unique properties of biological materials present many opportunities for 
studies, many difficulties still hinder research. For example, the odd shapes and sizes 
of biological materials do not lend themselves well to standard mechanical testing 
(Darvell et al., 1996). Even if they could be shaped and sized for standard mechanical 
tests, they are often difficult to grip, making the execution of the test difficult (Atkins 
and Mai, 1985). Compounded by the incomplete understanding of the mechanical 
behaviours of biological materials, mechanical testing of these materials presents a 
significant challenge to engineers, as well as materials and food scientists. 
 
Fracture toughness is one of the many mechanical properties of biological materials 
that many scientists and engineers are interested in. It is a material property that 
determines a material’s resistance to crack propagation, i.e., fracture (Choong et al., 
1992; Wright and Vincent, 1996) and is defined as the external work or energy 
required to create a unit area of new surface through stable crack propagation (Atkins 
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and Mai, 1985). Fracture toughness is an important property because of its 
implications in many areas of research such as 1) biomimetics, where the 
understanding of the high fracture toughness of certain biological materials such as 
nacre (Jackson et al., 1988) and mussel byssus (Waite et al., 1998) can have great 
potential engineering applications, 2) ecology, where the fracture toughness of certain 
plant parts can be correlated with herbivory and mammalian tooth morphology   
(Feeny, 1970; Choong, 1996; Hill and Lucas, 1996; Kursar and Coley, 2003; Lucas, 
2004) for better understanding, 3) food science, where fracture toughness has a 
definite influence on the perception of food texture (Vincent et al., 1991). 
 
Despite the importance of studying fracture toughness in biological materials, the 
number of mechanical tests available is still rather limited. In addition to that, present 
tests have many technical drawbacks, some of which are not easy to mitigate. In this 
study, a novel method of fracture toughness testing is presented, which aims to 
address some of the drawbacks found in current tests. 
 
1.1 Fracture Toughness and Biology 
 
Unrealised by most people, fracturing is one of the most common events that happens 
in nature, yet it is far from being completely understood. Mention the word “fracture” 
and what usually comes to mind is an object breaking into two or more pieces. Indeed, 
fracturing is about breaking, but it extends beyond just the physical separation of parts 




In a solid object, matter in the bulk of a body has a lower Gibbs free energy as 
compared to matter at the surface (Porter and Easterling, 1992). Since a fracture is 
characterized by the production of new surfaces from previously unexposed bulk 
material, the energy equivalent to the difference between the free energy of 
unexposed bulk matter and exposed surface matter must be available before a fracture 
event can actually occur (Atkins and Mai, 1985). This, however, only represents the 
minimum amount of energy required for fracturing; in reality, higher amounts of 
energy are usually needed because of the presence of other energy-dissipating 
processes such as plastic deformation, fibre-pullout, or friction during fracture 
(Vincent, 1990b). Such energy-dissipating processes may require energy that is 
several orders of magnitude higher than the free energy difference between bulk and 
surface matter. Hence, fracturing is an energy-consuming process. 
 
It is not difficult to realise that some objects such as metal, wood, plastics, etc., are 
much harder to break compared to glass and ceramics. What determines a material’s 
resistance to fracturing is manifold and depends on several factors, such as the 
strength of molecular/atomic bonds (Vincent, 1992a), the presence or absence of 
flaws and their shape and sizes if flaws are present (Vincent, 1992a), the type of 
structure (Vincent, 1992a) and even the size (Atkins and Mai, 1985). All these factors 
will collectively determine an object’s resistance to fracture, or more specifically, its 
fracture toughness. 
 
According to Vincent (1992a), fractures can occur in one or more of the following 
ways: tension (Mode I), in-plane shearing (Mode II) or out-of-plane shearing (Mode 
III), as shown in Figure 1.1. Not surprisingly, engineers devised a multitude of 
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fracture toughness tests based on propagating a crack in either of these fracture modes. 
Mode I fracture tests are the easiest to implement as well as the easiest to model. Pure 
Mode II and Mode III fracture tests are difficult to implement in reality and hence, 
most engineering fracture toughness tests make use of Mode I crack propagation to 
determine fracture toughness.  
 
 
Figure 1.1. The different types of fracture modes. 
 
Fracture toughness has value and can play an important role in helping biologists 
understand certain phenomena. Fracture toughness is increasingly employed in 
ecological studies to explain certain phenomena, e.g., the feeding behaviour of insect 
herbivores. It is observed that insects prefer eating soft young leaves to tough mature 
leaves (Feeny, 1970; Choong, 1996; Kursar and Coley, 2003). Younger and less tough 
leaves would require less energy expenditure to consume so an insect herbivore can 
reduce its feeding time and in turn, its chances of being predated upon. Leaf fracture 
toughness might also explain the observation that insects may prefer shade leaves 
over sun leaves (Lowman, 1985, 1992; Maiorana, 1981; Niesenbaum 1992), possibly 
owing to the lower fracture toughness (Dominy et al., 2003) and slower rate of 
development of shade compared to sun leaves (Rumi and Carpinetti, 1977). 
 
Mode I Mode II Mode III 
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Fracture toughness can also be employed to explain the form and function of plants. 
Being immobile, plants are exposed to the environmental forces of wind, water and 
gravity and have to be sufficiently tough in order to maintain their structural integrity 
under such conditions. This requirement for toughness can be seen in the 
dicotyledonous leaf, which has a web-like venous network that deflects and stops 
cracks from propagating across the leaf (Vincent, 1990b; Lucas et al., 1991) thereby 
minimising losses in leaf area when exposed to large external forces. The venous 
network in dicotyledonous leaves can thus serve a protective function, in addition to 
its role as a vascular structure. 
 
The fracture toughness of biological materials may also explain the form of 
mammalian teeth. It is believed that mammalian teeth are designed for fracturing food 
prior to ingestion (Lucas, 2004). This increases the surface area on which gut 
enzymes can work on, thereby increasing the rate of chemical breakdown and 
subsequent energy release (Lucas, 2004). Mammalian teeth can be divided into three 
types: those belonging to carnivores, herbivores and omnivores. The form and 
function of each type of tooth can only be understood by analyzing the fracture 
toughness and other mechanical properties of the food that is consumed. 
 
1.2 Quantifying the Fracture Toughness of Biological Materials 
 
1.2.1 Quantifying Fracture Toughness 
 
Standard engineering tests for measuring fracture toughness typically propagate a 
crack in a notched specimen either by bending it or by subjecting the specimen to 
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tension. This usually works well for metals, ceramics and plastics, which are 
relatively uniform in composition and generally isotropic in properties. The ability to 
shape these inorganic materials into test specimens of precise dimensions has also 
helped, as symmetry about the starter notch in the specimen will help to constrain the 
crack path in a straight line. 
 
Biological materials on the other hand, are anisotropic and inhomogeneous and 
frequently, of odd shapes and sizes (Vincent 1990b). In addition, they hardly conform 
to the assumptions adopted by standard engineering tests (Vincent 1990b). Such 
materials, even if they can be properly shaped to the necessary dimensions, would 
probably still not work with the standard engineering tests because of their anisotropy. 
Cracks will almost certainly be deflected away from the tougher elements contained 
within the biological specimen, making it difficult to direct the crack path. Therefore, 
an alternate way of quantifying fracture toughness has to be employed for such 
“troublesome” materials. 
 
The solution to this problem was to be found in an experiment conducted by Atkins 
and Mai (1979), who first demonstrated that the fracture toughness of thin metallic 
sheets can be found by cutting with a guillotine. They mounted a guillotine in a 
universal testing machine and monitored the force and displacement of the machine’s 
crosshead during the cutting tests. The area under the force-displacement graph 
obtained is equivalent to the amount of work put in, which when divided by the cut 
area, gives the fracture toughness of the material. This particular technique of 
computing fracture toughness from the force-displacement graph is known as the 
work-area method (Atkins and Mai, 1985; Vincent 1992a). This technique has been 
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applied to biological materials by Kendall and Fuller (1987) who concluded that 
cutting tests can be used to quantify the fracture toughness of thin sheets of non-
ceramic origin. The reason why cutting tests work is because cutting implement(s) has 
the ability to deliver very localized stresses to the specimen and hence can be used to 
direct the crack path. Cutting tests, in conjunction with the work-area method, form 
the basis of the many current techniques used in quantifying the fracture toughness of 
biological materials and this will probably continue to be so in the near future. 
 
Owing to the great diversity of biological materials, many different techniques for 
measuring fracture toughness in biological materials have been devised. Most of these 
techniques are designed to work on a particular type of biological material and hence, 
are generally incompatible with other types of biological materials. The following 
section will describe the various techniques currently in use and their intended 
specimen types. 
 
1.2.2 The Common Tests Used 
 
1.2.2.1 Punch-and-Die Test 
 
Alternatively known as the penetrometer test, this is possibly the earliest and most 
common fracture toughness test in use today, with a large number of variants (Feeny, 
1970; Raupp, 1985; Ernst, 1989; Choong et al., 1992). The reason for its popularity 
lies in its simplicity and ease of use. The punch-and-die test apparatus essentially 
consists of two parts: 1) the punch, which is usually a square-ended rod (although 
there are ones with a concaved end) and 2) a die, which is a metal plate with a hole of 
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diameter very slightly larger than that of the punch (Figure 1.2). This type of test is 
usually used for thin and flat specimens such as leaves or skin. During testing, the 
specimen is laid over the die and is usually flattened with a flat piece of glass or 
plastic, which has a hole for the punch to pass through, very much like the die. A 
punch is inserted into the assembly and an increasing force is applied onto the punch, 
either by gradually adding weights on top of the punch using ball bearings, trickling 
water or sand, or by some other means, until the punch punctures through the 
specimen. The force required for the punch to puncture through the specimen is then 
recorded. 
 
Strictly speaking, the punch-and-die test is not a true fracture toughness test, since it 
only measures the force to fracture (Choong et al., 1992) and not the work required 
for fracture. The force to fracture is somewhat related to the strength of the material, 
but not necessary related to fracture toughness, as strength and fracture toughness are 
not always proportional (Vincent, 1990a). By itself, the force to fracture bears no 
relation to any fundamental mechanical properties, but many researchers are either 
unaware of, or have simply ignored this point. This in part may be owing to the lack 
of understanding of materials’ properties and also to the unavailability of proper 
fracture toughness testers. Although the punch-and-die test may be a cheap and 
simple alternative to the more sophisticated fracture toughness testers, the results 
obtained are usually questionable and at best can only provide an empirical estimate 
of the true fracture toughness when the force values are corrected against specimen 
thickness (Choong et al., 1992). 
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Figure 1.2. Operation of a punch-and-die test. A) A flat specimen is sandwiched 
between the die and a flat glass/ acrylic plate and the punch is inserted into the 
assembly. B) An increasing force F is applied onto the punch until it punctures 
through the specimen, cutting out a disk of the specimen at the same time. 
 
The advantages are: 
1. The test is simple to perform. 
2. The test apparatus is low-cost and is easily constructed. 
 
The disadvantages are: 
1. It is not a true fracture toughness test (Lucas et al., 1991; Choong, 1996). 
2. Test results obtained (force-to-fracture) bear no relations to any mechanical 
property, even though there is some correlation to strength (Vincent, 1990a; 
Aranwela et al., 1999) and fracture toughness (Choong et al., 1992). 
3. It is sensitive to rate of application of force (Choong et al., 1992). 
4. Test results can be greatly affected by specimen thickness (Choong, 1996). 
5. Test results may be affected by the amount of clearance between the punch and 











6. Test results can vary with differences in punch diameter (Gibson and Ashby, 1988) 
and punch shape (Lucas et. al., 1991). 
7. Device friction is not accounted for (Lucas et. al., 1991). 
8. Test results are a combination of shear, compressive strength, fracture toughness 
and other factors and hence, it is difficult to discriminate between the individual 
contributions of each process (Vincent, 1992b). 
 
1.2.2.2 Wedge Fracture Test 
 
The way a food fractures can have a definite influence on its perceived texture, but it 
is not easy to quantify the fracture properties of food using conventional engineering 
tests, owing to size and shape restrictions. To overcome this problem, Vincent et al. 
(1991) developed the wedge fracture test to measure the fracture toughness of foods. 
Brittle and semi-brittle foods in the form of cubes or rectangular blocks can be tested 
and this test has been successfully used to measure the fracture toughness of cheese 
(Vincent et al., 1991; K.R. Agrawal et al., 1997), fruits (Vincent et al., 1991), 
vegetables (K.R. Agrawal et al., 1997) and gels (Lucas et al., 1993; Oates et al., 1993). 
 
A wedge is attached to the movable crosshead of a universal testing machine and is 
slowly lowered into a specimen block at a constant rate of displacement (Figure 1.3A). 
The wedge will cut into the specimen block and start to force the cleaved parts of the 
specimen apart, imparting strain energy in them (Figure 1.3B). When sufficient strain 
energy is stored in the cleaved parts, a free-running crack will be propagated in front 
of the wedge (Figure 1.3C). Crack propagation in this case is similar to the Mode I 
fracture seen in the Single Edged Notched Tensile test (Vincent et al., 1991). To 
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obtain the fracture toughness of the specimen, the area under the force-displacement 
graph is computed and normalized against the area cleaved. In more accurate tests, 
friction between the wedge and the specimen and the strain energy stored within the 
specimen are taken into account. This can be done by either slowly unloading the 
specimen after a test till the force reading drops to zero (Oates et al., 1993; Lucas et 
al., 1993), or by repeating the test with the specimen still in place (empty pass). The 
area under the force-displacement graph during unloading or during the empty pass 
would represent the work done against friction and the stored strain energy left in the 
specimen after a test and this is subtracted from the total work input to obtain the 
work of fracture. 
 
The advantages are: 
1. The test is simple to perform. 
2. The test apparatus (wedge) is low-cost and is easily constructed. 
3. The test specimens can be small in size (Vincent, 1992a). 
 
The disadvantages are: 
1. Access to a Universal Testing Machine is required to perform this test. 
2. This test is not suitable for tough specimens or specimens that would flow under 
load, i.e., separation of specimen is by flowing instead of fracturing (Oates et al., 
1993). 
3. Test results are dependent on rate of loading (Lucas et al., 1993). 
4. It is possible for the crack to deflect away from the intended path, especially for 
specimens of non-uniform composition (Vincent et al., 1991). 
 12
Figure 1.3. The Wedge Fracture Test. A) A wedge is slowly lowered onto a specimen 
block under the action of an external force F. B) As the wedge comes into contact 
with the specimen, it cuts into it. C) As the wedge penetrates further, sufficient strain 
energy is imparted to the cleaved parts to propagate a free-running crack in front of 
the wedge.  
 
 
1.2.2.3 Instrumented Microtome Test 
 
This is a test invented by Atkins and Vincent (1984), where they instrumented a 
microtome to measure the forces generated during the cutting of histological sections. 
The instrumented microtome test is rather similar to the wedge fracture test in that a 
wedge-like cutting implement (i.e., the microtome blade) is also used in the 
instrumented microtome test to cut the specimens. However, the blade used in the 
instrumented microtome test is much sharper and during operation, it cuts the 
specimen with a certain relief angle between the blade and the cut surface (Figure 1.4). 
By measuring the cutting force required to move the blade through the specimen, the 
work done in cutting can be derived. A second pass is usually conducted after the cut 
(without cutting anything) to determine the work done against friction between the 











blade and the specimen. This is subsequently subtracted from the work of cutting to 
yield the work of fracture. The fracture toughness is then derived by dividing the 
work of fracture by the cut area. 
Figure 1.4. The instrumented microtome test. A) The microtome blades moves 
towards the specimen at a certain relief angle α. B) The microtome blade then cuts 
into the specimen and the force generated during cutting is recorded by a force sensor. 
 
The advantages are: 
1. Small specimens can be tested with this method. 
2. The fracture properties of cells and structures within a specimen can be examined 
in theory (Vincent, 1990b). 
 
The disadvantages are: 
1. Specimen preparation is necessary. 
2. It is not easy to set up the apparatus required. 














1.2.2.4 Scissoring Test 
 
This is probably one of the earliest true fracture toughness tests designed for leaves, 
pioneered by Lucas and Pereira (1990). The method involves using a pair of tailoring 
scissors to direct a cut along a section of a leaf, whilst at the same time measuring the 
forces required to propagate the cut (Figure 1.5). To perform the test, a pair of scissors 
is first mounted on a universal testing machine. A piece of leaf is then placed between 
the scissor blades. The crosshead of the universal testing machine is lowered onto the 
handles of the scissors, forcing the blades to close and cut the leaf specimen into two. 
Throughout the test, a load cell that is mounted on the universal testing machine will 
monitor the forces required to close the blades and the work involved can be 
determined by integrating the area under the force-displacement graph. Friction 
between the blades was accounted for by measuring the forces required to close the 
scissors without cutting anything, either before a test or immediately after one. 
Friction work is then subtracted from the work of cutting to yield the work of fracture. 
 
The ability to direct a cut with a pair of scissors proved to be very useful in 
determining the fracture toughness of dicotyledonous leaves, which before the advent 
of the scissoring test, was next to impossible. The punch-and-die test, while popular, 
does not really measure fracture toughness, as explained previously. Other than 
measuring leaf fracture toughness, the scissoring test has also been successfully 
employed in testing the fracture toughness of plant cell walls (Lucas et al., 1995), 




The advantages are: 
1. The test is simple to perform. 
2. The cut can be directed as required to pass through anatomical features of interest. 
3. The test is rather tolerant of specimen shape and size. 
4. A reasonably long cut can be made. 
 
The disadvantages are: 
1. The measuring apparatus can be expensive. 
2. Friction between blades can be significant, obscuring some of the low amplitude 
signals generated during cutting. 
3. The rate of cutting is non-uniform throughout the test because it increases as the 
blades approach each other. 
4. Resolution of the cut (number of data points per unit length of cut) is non-uniform 
throughout the test. Resolution decreases as the blades approach each other. 
 
Figure 1.5. The instrumented scissoring test. A force is exerted onto the upper handle 









1.2.2.5 Shearing Test 
 
This test was described by Aranwela et al. (1999) and it bears some resemblance to 
the pivoted guillotine test conducted by Atkins and Mai (1979) for testing metals and 
papers and the scissoring test pioneered by Lucas and Pereira (1990). Like the two 
tests mentioned, a specimen is cut by the action of two blades moving against each 
other, the difference being that the cutting angle (the angle between the blades) is 
constant in this case, as opposed to a continuously changing angle for the other two. 
The apparatus setup for this test essentially consists of a blade mounted on a movable 
platform with its cutting edge aligned horizontally and a second blade, with its cutting 
edge at an angle to the horizontal, is attached above the first one (Figure 1.6A), such 
that when the blades close, the angle between the blades will be constant (Figure 
1.6B). Moving the platform vertically will force the two blades to come together and 
whatever is placed between the blades will be cut. The forces generated during cutting 
are monitored and frictional work is subtracted from the total cutting work by 
performing an empty pass before the actual test. 
 
Although the shearing test is primarily designed for testing the fracture toughness of 
leaves, it can also be adapted for testing other biological tissues such as thin strips of 
wood, bark or skin. 
 
The advantages are: 
1. The length of the cut can easily be computed from the force-displacement graph. 
2. The resolution of the cut (number of data points per unit length of cut) remains 
constant throughout the test. 
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The disadvantages are: 
1. The measuring apparatus can be expensive. 
2. Friction between blades can be significant, obscuring some of the low amplitude 
signals generated during cutting. 
3. The thick, angled blade used to cut the specimen can curl and push aside one of 
the offcuts during cutting (Lucas and Pereira, 1991), resulting in extra energy 
costs. This will ultimately overestimate the energy used to cut the specimen.  
 
 
Figure 1.6. The shearing test. A) Apparatus setup (Aranwela et al., 1999) — courtesy 













1.2.2.6 Single-Edged Notched Bending (SENB) Test 
 
The single-edged notched bending (SENB) test is actually a standard engineering test, 
traditionally used to measure the fracture toughness of engineering materials such as 
metals, plastics (Williams and Cawood, 1990) and various kinds of ceramics (Li et. al., 
2005; Watts and Hilmas, 2006). This test has also been successfully used to measure 
the fracture toughness of certain biological materials that are more homogeneous, 
such as cheese (Kamyab et al., 1998), parenchyma, bone and nacre (Vincent, 1992b). 
For this test to work, the biological materials to be tested would have to be 
sufficiently large to shape into thick beam samples, with a depth (W) twice the 
thickness (B) or equal to B and a span (S) four times the depth. A sharp starter crack 
of length A is created in the centre of the beam, to give 0.45 < A/W < 0.55 (Figure 
1.7). 
 
During the test, the specimen is supported at the centre and equal force is applied onto 
both ends of the specimen, bending and cracking the specimen in the process (Figure 
1.6). The reverse can also be done, with the ends being supported and the force 
applied at the centre of the beam.  
 
The fracture toughness of the specimen can be found by first computing the area 
under the force-displacement graph from the start of the test until a 5% increase in 
compliance is reached (Williams and Cawood, 1990), or until the maximum load. The 
area under this graph is the energy required for fracture (U). The fracture toughness of 
the specimen (Gc), can then be calculated using the formula Gc = U / (BWФ), where 
Ф is a shape correction factor (Kamyab et al., 1998). 
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The advantages are: 
1. This test is relatively easy to perform. 
2. Friction is not an issue in the measurement. 
 
The disadvantages are: 
1. This test is limited in use to biological materials of sufficiently size. 
2. This test is not suitable for specimens that are quite heterogeneous in structure. 
3. Access to a Universal Testing Machine is required to perform this test. 
4. If the specimen is not hard enough, remote yielding (bruising) may occur at where 
the specimen is supported (Vincent, 1992a). 
 
Figure 1.7. The Single-Edge Notched Bending (SENB) test. 
 
1.2.2.7 Single-Edged Notched Tensile (SENT) Test 
 
The single-edged notched tensile (SENT) test is also a standard engineering test that 
had been used to measure the fracture toughness of some biological materials, yet like 
the SENB test, is somewhat limited when testing inhomogeneous and/or anisotropic 








apple parenchyma (Khan and Vincent, 1993), the leaves of monocotyledonous plants 
(Vincent, 1991) and dicotyledonous plants (Lucas et al., 1991; Aranwela et al., 1999; 
Sanson et al., 2001; Read and Sanson, 2003) and cheese (Kamyab et al., 1998). 
 
For this test, specimens must be large enough to shape into thin rectangular strips. A 
sharp starter crack is made at the edge halfway between the ends of the strip using a 
sharp object, such as a razor blade. The rectangular strip is then mounted onto a 
universal testing machine by clamping both ends of the strip. The clamps are then 
moved apart at a prescribed speed to propagate a crack across the strip, breaking it 
into two. This test is usually performed with various A/W ratios, where A is the 
length of the notch and W is the width of the specimen (Figure 1.8). The fracture 
toughness Gc, is then derived as in the SENB test, using the formula Gc = U / (BWФ), 














The advantages are: 
1. This test is relatively easy to perform. 
2. Friction is not an issue in the measurement. 
 
The disadvantages are: 
1. This test is limited in use to biological materials of sufficiently size. 
2. This test is not suitable for specimens that are quite heterogeneous in structure. 
(Vincent, 1992a). 
3. Access to a Universal Testing Machine is required to perform this test. 
 
1.2.2.8 Tearing Test 
 
The tearing test, also known as the trouser-tear test, has its roots in the paper and 
textile industries. This test had been used successfully for testing membranes such as 
rat skin and pig aorta (Purslow, 1980, 1983, 1989). 
 
To perform the test, the specimen is shaped into a strip and a starter crack is made in 
the specimen longitudinally with a sharp blade, giving two “trouser legs” of near-
equal width (Figure 1.9A). Each end of the trouser leg is then clamped in a universal 
testing machine. The two ends of the trouser legs are then pulled apart to propagate a 
crack down the length of the strip (Figure 1.9B). The strip is then unloaded before it 
breaks into two. The force-displacement graph obtained will then give the work 
required for crack propagation (Vincent, 1990b) and when divided by the crack area, 
the fracture toughness of the material can be determined. 
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The advantages are: 
1. This test is relatively easy to perform. 
2. Friction is not an issue in the measurement. 
 
The disadvantages are: 
1. This test is limited in use to biological materials of sufficiently size. 
2. This test is only suitable for biological materials that are structurally more 
homogeneous (Vincent, 1990b). 
3. Access to a Universal Testing Machine is required to perform this test. 
4. The specimen has a tendency to tilt obliquely about its horizontal mid-axis during 














1.3 Review of Current Leaf Fracture Toughness Tests 
 
Testing the fracture properties of biological materials is still considered to be in its 
infancy despite the many advances in this field. Not surprisingly, some of the 
techniques developed to date are far from perfect. Many of them suffer from flaws 
either because of poor design or improper testing procedures. There are also others 
that suffer from certain unavoidable shortcomings owing to the way the tests had to be 
carried out. Some of these problems may be mitigated to reduce their effects, but 
others are inherent and inevitable. Below is a brief review of the problems associated 
with the current techniques that are employed for leaf fracture toughness testing. 
 
1.3.1 Mechanized Punch-and-Die Test 
 
It had been explained earlier why the punch-and-die test is not a true fracture 
toughness test, because only the force-to-puncture and not the work-to-puncture is 
measured. However, there is a variant of the punch-and-die test (a mechanized version) 
that deserves some attention. Lucas et. al. (1991) were the first to use the punch-and-
die test together with a universal testing machine to derive leaf fracture toughness, 
followed later by Aranwela et al. (1999), Edwards et al. (2000), Sanson et al. (2001), 
Read and Sanson (2003) and Iddles et al. (2003); the results of the later four were 
however, clearly erroneous. What Lucas et al. (1991) did was to attach a punch to a 
load cell mounted on the movable crosshead of a universal testing machine. The 
punch is then slowly moved towards a leaf laid on top of the die. When the punch 
contacts the leaf on the die, it pushes against it and then punctures it. A second pass is 
performed with the specimen still in place to account for friction within the system. 
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By monitoring the force exerted on the punch and the displacement moved by the 
punch, they managed to get a force-displacement graph that could be used to calculate 
the amount of work required to punch out a piece of leaf disc.  
 
Flaw #1 ― Clearance between punch and die 
 
There is usually a clearance between the punch and the die, so that the punch can 
move smoothly within the die (Figure 1.10A). This may however, become a problem 
during punching if the clearance is high. When the punch contacts the specimen and 
pushes against it, the part of the specimen between the edges of the die and the punch 
will tend to deform and get pulled down into the die (Figure 1.10B). This deformation 
involves work of shearing, which may not be compensated for even if a second pass is 
performed. Strain energy is stored in the specimen and if failure occurs rapidly as is 
typically encountered during punch-and-die tests (Lucas et. al., 1991; Choong, 1996), 
some of this strain energy may be lost as sound or heat and not utilized in new surface 
production. In cases where the clearance between punch and die is high, plastic 
bending of the specimen (owing to the indentation of the punch on the leaf) can occur 
along the edges of the die and the punch, especially if the force-to-failure is high 
(Figure 1.10C). This plastic bending, similar to burr formation in metal cutting 
(Atkins and Mai, 1979), can result in an over-estimation of fracture toughness. In 
addition, the clearance between the working surfaces prevents a clean cut to be made 
(Atkins and Mai, 1979) and this is especially so for leaves with low stiffness. The 
exact perimeter of the punch-out can be different from either the punch or the die, 
since failure can occur anywhere between the edges of the punch and the die. This 
uncontrolled cracking may follow a path of least resistance and could be a reason why 
fibre pull-out is observed in punch-and-die tests (Lucas et. al., 1991) and absent in 
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cutting tests where the cutting edges are in intimate contact (Lucas et. al., 1991). 
Assuming the circumference of the cut-out is the same as that of the die or punch can 
also result in inaccuracies in fracture toughness determination.  
 
Unfortunately, this clearance is a necessity to perform this test, as it would be 
impossible for the punch to pass through the die if there is no clearance. If the 
clearance is reduced to an extremely small value, then extremely precise alignment of 
the equipment has to be performed, as any slight misalignment in the vertical and 







Figure 1.10. Punching of a leaf specimen. A) Punch contacts specimen, B) The part 
of the specimen between the edges of the punch and the die are pulled down into the 
well, deforming and storing strain energy in the process. The red ovals indicate the 
region over where the specimen could fail, C) Specimen failure and a leaf disc is 
















Figure 1.11. Small clearances between punch and die. A) Misalignment in the 
horizontal axis results in an off-centreed punch that cannot go through the die, B) 
Misalignment in the vertical axis results in a tilted punch that either cannot go through 
the die or will jam later inside the die. 
 
Flaw #2 ― Large areas being cut at any one time. 
 
A major problem with the punch-and-die test is that the whole part of the specimen 
under the punch usually fails very suddenly with unstable crack propagation (Lucas et. 
al., 1991; Choong, 1996). This is not helped by pushing the punch slowly into the die 
using a universal testing machine, since the geometry of the test does not allow 
gradual failure of the leaf around the perimeter of the punch or the die. Such unstable 
cracking is not advisable in materials testing (Vincent, 1990b) because part of the 
strain energy can be lost as other forms of energy and not utilized in surface 
production.  Also, when a large area of the specimen is loaded at the same time, a 
large force is usually required to reach the stress levels necessary to initiate cracking 
(Atkins and Mai, 1979). High forces generally means that a large amount of energy in 
being input into the system and when unstable failure occurs, a comparatively larger 
amount of energy will be lost and be unaccounted for. All these may help to explain 
why Lucas et al. (1991) discovered that leaf fracture toughness obtained from 
mechanized punch-and-die tests are more than twice the amount expected from 
A B 
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theoretical modelling and about 1.5 times higher than that obtained by scissoring. 
 
It is difficult, if not impossible to obtain stable cracking in punch-and-die tests and yet 
measure the fracture toughness accurately. Punches such as those used for paper 
punching, have a V-shaped groove that progressively cuts the paper as it is driven 
through. Such punches can produce stable cracking, but will bend and deform the cut 
disc against the V-shaped groove. This extra energy in bending cannot be accounted 
for by a second pass and would be difficult to determine. A hollow punch shaped like 
a hypothermic needle might give stable cracking and less specimen bending, but the 
friction between the leaf disc and the punch is hard to account for. 
 
Summary of problems 
 
1. The clearance between the punch and the die can lead to excessive 
deformation of the specimen, which requires extra input of energy that might 
not be recovered later. 
2. The clearance can result in the production of a crack path that follows neither 
the perimeter of the punch or die, leading to problems in determining the real 
perimeter of the excised leaf disc. This can give rise to inaccuracies in fracture 
toughness determination. 
3. The geometry of the test promotes unstable cracking of the specimen, which 
can lead to an inflation of the actual energy required for fracture. 
4. The high forces generally required (when compared to other cutting systems) 
to effect failure, coupled with unstable cracking, can lead to great amounts of 
energy being lost and unaccounted for, inflating the fracture toughness results. 
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1.3.2 Shearing Test 
 
The shearing test first described by Aranwela et al. (1999) is generally a sound test in 
terms of design, but it is not without flaws. The flaws are generally in terms of test 
execution and when corrected, would probably result in an increase in its accuracy. 
For a description of the test, please refer to Part 1.2.2.5 for the details. 
 
Flaw #1 – Clearance between blades 
 
In the original paper describing this technique, leaf fracture tests were conducted with 
a clearance of 0.1 mm and 0.2 mm between the shearing blades. This clearance can 
result in a situation similar to that of the punch-and-die test, where fracture can occur 
anywhere between the edges of the two blades and not necessarily in the direction 
dictated by the opposing blades (Figure 1.12A). Cracks that are not directed tend to 
follow the path of least resistance, avoiding tough structures like veins (Vincent, 
1990b). This is confirmed by Aranwela et. al. (1999) that “At the higher clearance, 
work to fracture was approx. 33% lower and cuts were irregular suggesting some 
tearing of the tissue”. Such undirected cracking of the specimen also tend to produce 
jagged edges along the crack path, causing significant difficulties in the accurate 
measurement of the new surface area produced. Since the derivation of fracture 
toughness is critically dependent of the accuracy of area measurements, this can 
introduce significant errors into the final results. 
 
The clearance between the blades also encourages plastic bending of the specimen 
along the cutting edges of the blades (Figure 1.12B). This is undesirable as this plastic 
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work is extraneous to the work of fracture.  
 
A clearance between the blades can also trap specimen material within, increasing the 
background friction and possibly forcing the blades apart. G.D. Sanson  (personal 
communications), one of the authors in Aranwela et al. (1999), mentioned that “If you 
have even a tiny clearance for many leaves some fibres are caught between the blades 
and they are not cleanly sheared.  Instead they get trapped between the blades forcing 
them apart (even in our very stiff machines)”. 
 
It is therefore recommended that the clearance be kept as close to zero as possible, to 
minimize the effects mentioned above. However, low clearance between the blades 
will lead to inter-blade friction. This creates another problem which will be discussed 
below. 
Figure 1.12. Shearing test as viewed in the direction parallel to the cutting edges. A) 
The red oval marks the region over which the leaf specimen may fail, B) The red 





















Flaw #2 – High friction between blades 
 
Maintaining a clearance between blades would theoretically reduce background 
friction to zero. However, this is not a good idea because of the problems described 
earlier. Observations made on the geometry of the shearing test revealed that, in order 
to reduce the clearance between the blades to a minimum, a lateral force is required to 
act on either of the blades, to push them together. It would be difficult to maintain 
close contact between the blades, otherwise. Application of this lateral force could be 
diffcult and can potentially cause errors in the load cell readings, since most load cells 
are not designed to take loads perpendicularly to their loading axis. While it may be 
possible to deduct those false readings from the actual readings by a second pass, its 
effects on the accuracy of load measurement is unknown and should be kept in mind. 
 
Assuming the clearance between the blades can be reduced to zero, the arrangement 
of the blades in the shearing test is such that there is a line contact between the side of 
the upper blade and the cutting edge of the lower blade as they move against each 
other (Figure 1.13), as opposed to a moving point contact in scissors (Lucas et al., 
1991). The scraping action between the blades would translate into a relatively high 
frictional force between the blades (0.5-0.7N, G.D. Sanson, personal 
communications), when compared to the actual forces required for the cutting of 
leaves (approximately 0.5N as shown in Edwards et al. (2000)). When the noise 
(inter-blade friction) to signal (actual cutting forces) ratio is high, fainter signals 
generated during cutting can be obscured, leading to a loss of resolution and accuracy. 
This is especially true for leaves, where the actual cutting forces are usually very low. 
The scraping action between the blades would also tend to blunt the cutting edge of 
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the horizontal blade, thus requiring frequent honing to maintain its keenness. 
 
Friction is an inevitable consequence of the need to have tight clearance between the 
blades, for previously mentioned reasons. There is unfortunately, no easy solution to 
this problem. Friction between the blades can at the very most, be reduced by 1), 
smoothing the side of the upper blade to a high polish and/or 2), reducing to a 
minimum the lateral force required to keep the blades together. 
Figure 1.13. The side of the upper blade will scrape against the cutting edge of the 
lower blade as they move against each other. The red circle indicates where the 
scraping occurs. 
 
Flaw #3 – Strain energy in specimen is unaccounted for 
 
The shearing test utilizes the opposing motion of two blades to make a cut and hence, 
it is inevitable that the upper blade will bend and push aside the specimen behind the 
cutting point (Figure 1.14), as well as pushing the specimen ahead of the cutting point 
because of the inclined angle of the upper blade (Sanson et al., 2001). This stores 
strain energy within the specimen and the amount can be considerable if the specimen 
contains stiff elements such as secondary veins and the midrib. This strain energy 
should be deducted away from the total work involved in cutting to get a more 






In the shearing test, background friction is accounted for by running a blank test 
before an actual test, but this is unable to account for the strain energy stored in the 
specimen during cutting. This results in an overestimation of the work to fracture, as 
what is measured also includes the work of bending the specimen.  
 
Figure 1.14. The upper blade bends and pushes aside the cut portions of the specimen 
and at the same time pushes the uncut portion of the specimen against the grips 
holding the specimen in place. 
 
What could possibly be done is to do a blank test after the actual test, so that the blank 
run can account for both background friction and the work of bending. However, this 
is not as easy as it seems because the inter-blades friction profile can be different 
before and after an actual cut. Cell wall fragments and fibres trapped between the 
blades and plant sap or latex, can alter the friction between the blades, making it 
difficult to determine the actual friction profile during cutting. The best solution for 
this might be to: 
 
1) Run a blank test before the actual test, 
2) Run the actual test, 
3) Run a blank test with the specimen still in place, 










F Owing to inclination of the blade, a 
horizontal pushing force FH exists, 
where 
 
FH = F(tanθ  – μ)/( 1 + μ tanθ) 
 
*for θ > tan-1μ 
  
μ –  coefficient of friction between  
blade and specimen. 
FH 
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Deducting the work of run No. 4 from run No. 3 will give the work of bending the 
specimen, since the friction profile of these two runs will probably be similar. 
Deducting this work of bending and the work done against inter-blade friction in run 
No. 1, from run No. 2 (the actual test), will yield the work of fracture. The downside 
of this is that the number of runs to be performed is doubled. As far as the author is 
aware, this has not yet been attempted before. 
 
Summary of problems 
 
1. The clearance between the blades can lead to undirected cracking in the 
specimen, plastic bending of the specimen around the edges of the blades and 
the trapping of specimen material between the blades, all of which are 
undesirable. 
2. The friction between the blades is high compared to the signals generated 
during cutting. This high friction-to-signal ratio can reduce the resolution and 
accuracy of the test. 
3. Strain energy stored in the specimen is not quantified in the test procedures 
described, leading to an overestimation of fracture toughness. 
 
1.3.3 Scissoring Test 
 
The use of scissors in fracture toughness testing was first described by Lucas and 
Pereira (1990) and the test has been documented since in a large number of papers 
(Choong et al., 1992; Choong, 1996; Darvell et al., 1996; Dominy et al., 2003 etc.). 
Like the shearing test, the scissoring test is a sound technique, but like the other tests, 
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it is not without its own problems. Owing to the similarities in operation between the 
scissoring test and the shearing test, some of the flaws related to the latter are seen 
here as well. The review for the scissoring test will be slightly more in-depth than for 
the other tests because the author had the opportunity to study this test in detail. 
 
Flaw #1 – Changing blade angles during cutting 
 
The geometry of the scissors is such that the angles between the scissors blades are 
different at different stages of closure. The angle between the blades is large when the 
scissors is wide open and gets smaller as it closes. Although this does not significantly 
affect the quality of the cut, it does however, result in unevenness in the rate of cutting. 
The changing angle between the blades mean that the specimen will be cut faster as 
the scissors closes. Since the frequency of sampling remains the same, the number of 
data points collected per unit length of cut will decrease as the test proceeds, yielding 
lesser and lesser resolution. This makes it difficult to directly compare results 
obtained from cutting specimens at different points along the scissors blades, since the 
resolution is different. It is also difficult to perform an experiment to investigate how 
the rate of cutting can affect the fracture toughness of a specimen, when there is 
significant within-test variation in the cutting rate. 
 
This variation in the angle between the blades is present in almost all pivoted cutting 
tools. An exception is a variant of the office guillotine that uses a curved blade instead 
of the usual straight blade (Atkins, personal communications). The effect of the 
curved blade is to provide a constant cutting angle between the blade and the base-
plate. Such a design could be adapted for scissors but it will not be easy to implement. 
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Flaw #2 – High Friction between blades 
 
The blades of high quality scissors are slightly curved towards each other, providing a 
spring-like action that keeps the blades together without any external lateral force 
(Lucas et al., 1991). This arrangement, although successful in keeping the clearance 
between the cutting edges close to zero, tends to produce high frictional forces 
between the blades (when compared to actual forces required for cutting), causing 
them to scrape against each other (Atkins and Mai, 1979). Published literature (Lucas 
and Pereira, 1990; Lucas et al., 1991; Choong et al., 1992) showed that inter-blade 
frictional forces in scissors usually amounted to between 0.25 to 0.75 N, whereas the 
actual forces required or cutting leaves were usually between 0.1 to 0.75 N. 
 
Similar to the shearing test, when the noise (inter-blade friction) to signal (actual 
cutting force) ratio is high, fainter signals generated during cutting can be obscured, 
leading to a loss of resolution and accuracy. This is especially true for leaf samples, 
where the actual cutting forces are usually comparable or smaller than the inter-blade 
frictional forces. The scraping action between the blades also tends to blunt the 
cutting edges of the blades, degrading their performance after some time. 
 
It seems that in two-bladed cutting devices, some form of lateral force is required to 
press the blades together to reduce the clearance between them. This inevitably results 
in inter-blade friction. Presently there seems to be no solution to this problem other 
than to try and reduce its effect as much as possible. One way to reduce inter-blade 
friction in scissors is to loosen the scissors joint to a level just sufficient to maintain a 
negligible clearance between the blades during cutting. Another way is to use highly 
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polished blades to reduce the friction encountered when the blades move against each 
other. The cutting edge of the blades should also be free from defects such as notches 
and dents so as to prevent the edge of the other blade from being caught in these 
deformities and increasing the force required for closing the scissors. 
 
Flaw #3 — Friction profile of scissors is susceptible to changes in the surface 
conditions of the blades 
 
The friction between the blades is usually estimated by performing an empty pass 
without any specimen prior to (Vincent, 1992b) or after an actual test (Lucas et al., 
1995; Choong, 1996; Darvell et al., 1996), or with the cut specimen still in position 
after an actual test (Lucas and Pereira, 1990; Lucas and Pereira, 1991; Lucas et al., 
1991). It is at times assumed that an empty pass conducted after the actual test with 
the specimen removed is equivalent to an empty pass conducted before the actual test. 
The latter measures pure metal-to-metal friction between the blades whereas the 
former is complicated by the presence of micro-fragments on the blades generated 
during cutting. These micro-fragments originating from the metal blades or the cut 
specimen can alter the friction profile of the scissors blades, making it not comparable 
to an empty pass done before a test. This is shown by two simple experiments 
described below. 
 
The objective of the first experiment was to show that the friction profile of the blades 
can change appreciably from one empty pass to the next, even though nothing had 
been cut. This is illustrated using a pair of hairdressing scissors (No. 231, Dovo, 
Germany). The blades were first thoroughly cleaned using ethanol and low-lint tissue 
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Figure 1.15. Deviation between the friction profiles of the baseline pass and five 
subsequent empty passes. The dotted line represents the case where there is no 
difference between the empty pass and the baseline pass. A) Trial 1, B) Trial 2. 
 
 





























(05311, Scott MicroWipes, United States). An empty pass was then performed (this 
particular pass was thereafter referred to as the baseline pass) and the measurements 
recorded. Five subsequent empty passes (hereafter named Passes 1–5) were 
performed and their readings individually subtracted from the baseline pass. The 
individual differences between Passes 1–5 and the baseline pass were then plotted and 
shown in Figure 1.15A. A repeat of the experiment was conducted and the results are 
shown in Figure 1.15B. The dotted lines indicate how the graphs should look like if 
there is no difference between the individual passes and the baseline pass. 
 
It was observed from the results of this experiment that there is some noticeable 
difference between the baseline pass and Pass 1, as well as with subsequent passes, 
even though nothing had been cut. This difference is probably caused by the presence 
of surface deformities and micro-particles on the blades. Tiny deformities such as 
micro-grooves and pits (Figure 1.16) tend to arrest the movement of the blades when 
the blade edge enters into them. The metal-to-metal abrasion encountered as the blade 
edge repeatedly moves in and out of these deformities during closure may produce 
numerous micro-particles. These micro-particles may then be rearranged across the 
cutting edges each time the scissors opens or closes, giving rise to a change in the 





Figure 1.16. The micro-grooves on the 
working surface of one blade of a pair 
of scissors. 40× magnification. 
Cutting edge of 
scissor blade Micro-grooves 
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The objective of the second experiment was to show that the friction profile of the 
scissors can change once it is used to cut a specimen. The same pair of scissors 
described above was first thoroughly cleaned using ethanol and low-lint tissue (05311, 
Scott MicroWipes, United States). A baseline pass was performed and the 
measurements recorded. Without removing the scissors from the fracture toughness 
tester, a piece of palm leaflet (Adonidia merrillii) was placed between and across the 
blades and a cut was made on the leaf by closing the scissors. The specimen was 
removed and a second empty pass was subsequently performed and the measurements 
recorded. The baseline pass was then subtracted from the second empty pass and the 
difference is shown in Figure 1.17A. The whole experiment was repeated using a PET 
(polyethylene terephthalate) plastic strip (PP2910, 3M, Italy) and the difference 
between the passes is shown in Figure 1.17B. 
 
It appeared that the friction profile of the scissors had changed on both counts after 
cutting. The change was more significant after cutting the palm leaf as compared to a 
PET plastic strip. It is believed that cell-wall fragments generated during the cutting 
of the palm leaf had adhered to the blades and altered the surface roughness, resulting 
in a change in the friction profile. PET plastic, which is tougher and more 
homogeneous, does not produce as many fragments during cutting. This results in a 
friction profile that does not deviate as much from the baseline pass after cutting. 
 
What the two experiments showed is that the simple act of opening or closing the 
scissors, with or without any specimen, can result in changes in the friction profile. 
This undoubtedly introduced a certain level of uncertainty into the deduction of 
device friction from the total work of cutting. The difference in the friction profile 
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between the baseline pass and Pass 1 in the first experiment had been noticed by 
Vincent (1992a). He suggested that the problem can be mitigated by either polishing 
the scissors blades to a fine finish, applying a layer of dry lubricant onto the blades, or 
loosening the scissors joint to reduce the intensity of abrasion between the blades. It is 
presumed that a lower device frction will result in a more consistent friction profile. 
As for the change in the friction profile after a cutting experiment, the solution to this 
may be to adopt the same protocol suggested earlier for the shearing test: 
 
1) Run a blank test before the actual test.  
2) Run the actual test.  
3) Run a blank test with the specimen still in place.  
4) Remove the specimen and run another blank test. 
 
It is however not clear at this point in time whether the altered device friction after 
cutting in (3) and (4) will be the same, but they will probably be more similar to each 
other than when compared individually to (1). 
 
Summary of problems 
 
1. The constantly changing blade angle during cutting does not provide a 
constant rate of cutting. This makes rate-dependent experiments difficult to 
conduct. Since the rate of cutting is not proportional to the rate of 
displacement of the crosshead, the resolution of the collected data becomes 
non-uniform (Rate of data collection is dependent on the rate of displacement 
of the crosshead). 
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2. The friction between the blades is high compared to the signals generated 
during cutting. High device friction tends to result in inconsistent friction 
profiles between consecutive empty passes. High device friction can also 
easily obscure faint signals that are associated with cutting soft tissues. This 
high friction-to-signal ratio can thus reduce the resolution and accuracy of the 
test. 
3. The production of micro-particles, either through metal-to-metal abrasion, or 
from the cutting of the specimen, can alter the friction profile of the scissors, 
resulting in uncertainties in the deduction of device friction from the total 
work of cutting. It is unsure at this stage what would be the best method to 

















Figure 1.17. The difference between the baseline pass and a second empty pass after 




























1.3.4 Notched Tensile Test and Tearing Test 
 
These two tests are briefly mentioned here because attempts had been made to use 
these tests for measuring the fracture toughness of monocotyledonous leaves (Vincent, 
1982, 1983, 1991; Wright and Illius, 1995) and dicotyledonous leaves (Lucas et al., 
1991; Aranwela et al., 1999; Sanson et al., 2001; Read and Sanson, 2003). These tests 
seem to be more suitable for testing monocotyledonous leaves owing to their parallel 
venation, as compared to dicotyledonous leaves with their complex venation that 
tends to deflect the crack from its intended path (Vincent, 1990b). 
 
Flaw #1 ― Difficulty in directing the crack growth in dicotyledonous leaves 
 
The leaf lamina of dicotyledonous plants is a complex structure comprising of a 
network of secondary and tertiary veins embedded within the lamina matrix. A free-
running crack propagated in the lamina using either test, can only travel a certain 
short distance before encountering a vein. Veins being tougher than the lamina matrix 
(Choong, 1996), will tend to deflect the crack, resulting in a crack that zigzags across 
the lamina. This makes it difficult to measure the amount of new surface area 
produced (Vincent, 1990b), unless optical imaging techniques are employed. The 
measurements obtained would be biased, as tough structures within the leaf lamina 
are avoided by the crack. This results in a poor reflection of the overall fracture 
toughness of the leaf, since the veins’ contributions are mostly ignored. 
 
There is no suitable solution to this problem at present as this is more of a problem of 
the specimen structure rather than with the test itself. Unless the structure of the 
 45
specimen permits the tests to be carried out satisfactorily, such as in the Calophyllum 
inophyllum leaves with parallel veins (Lucas et al., 1991), it is not likely that the 
applicability of these two tests to dicotyledonous leaves can be significantly improved. 
 
Summary of problems 
 
1. It is difficult to propagate a straight crack in dicotyledonous leaves owing to 
the presence of veins crisscrossing the leaf lamina. This makes it difficult to 
determine the area cleaved and at the same time, the results are biased as 
tough structures within the leaves are not sampled. 
 
1.3.5 Points for Improvement 
 
The current repertoire of fracture toughness tests represents an impressive 
achievement over the last thirty-odd years in the relatively young field of 
biomechanics. Much has been achieved but more can still be done. The current tests, 
although technically sound, still possess several recurring shortcomings that could be 
further improved upon. These shortcomings are: 
 
1. Forces required to overcome device friction are large compared to actual forces 
required for cutting alone. 
 
2. Improper or absence of accounting for the strain energy stored within the 
specimen during testing. 
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3. The perpetual dilemma of friction and clearance between moving parts of 
cutting implements. Large clearances produce less friction but encourage 
undirected cracking to occur; conversely, small clearances direct the path of 
cracking better but will lead to higher device friction. 
 
One should keep these shortcomings in mind when designing a new fracture 
toughness test. Ideally, the new test should be designed such that it can at least 
overcome part or all of these problems listed above. 
 
1.4 Importance of Leaf Fracture Toughness Tests 
 
The leaf is an important plant organ that serves many different functions. It has a vital 
role in both the carbon and water cycles, and serves as a source of food for a 
multitude of organisms.  
 
A large number of ecological observations can be related to, or explained by the 
toughness of leaves. Herbivory studies have indicated that plants employ a multitude 
of defensive mechanisms (Levin, 1976; Coley and Barone, 1996) against herbivores 
and that leaf toughness is one of the most effective deterrents (Feeny, 1970; Coley, 
1983; Lowman, 1983; Raupp, 1985; Robertson and Duke, 1987; Choong, 1996; Coley 
and Barone, 1996; Sanson et al., 2001; Iddles et al., 2003; Kursar and Coley, 2003). 
This is because tough leaves require more energy to consume and can wear down the 
chewing apparatus of herbivores (Raupp, 1985) and increase the feeding time 
exposure to potential predators (Slansky, 1993). Fracture toughness tests of leaves can 
thus allow ecologists to compare leaf toughness within and between plants and 
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habitats, and correlate that to observed herbivory damage. Such herbivory studies 
include comparisons between leaves of different ages (Coley, 1980, 1983; Crawley, 
1983; Lowman, 1983; Choong, 1996), sun and shade leaves (Lincoln and Mooney, 
1984; Harrison, 1987; Louda et al., 1987; Basset, 1991) as well as leaves between 
pioneer and climax species (Kursar and Coley, 1992). 
 
An understanding of leaf fracture toughness has also demonstrated significance in 
primatological studies, for example, the study of the effects of leaf toughness on the 
diet of Alouatta palliata (Teaford et al., 2006) and Macaca fuscata yakui (Hill and 
Lucas, 1996), has been correlated to the dental tooth form and morphology of 
primates (Lucas, 2004). 
 
An understanding of leaf toughness has also found a place in agricultural and food 
science. Tough and fibrous vegetables are seldom desired by consumers and by 
devising a means to measure the toughness of leafy vegetables, cultivated varieties 
which are more palatable can be identified and selectively cultivated. Leaf toughness 
tests can also be a part of the suite of tests performed by food scientists to identify the 
mechanical properties of vegetables that are correlated to a desirable food texture. 
This would be a useful quality check for food processing plants to fine-tune their 
operations to produce more satisfying food products. 
 
Thigmomorphogenesis (Jaffe, 1973) may also be another area where an understanding 
of leaf fracture toughness can be applied. It was discovered that plants respond to 
chronic mechanical perturbations through various morphological and anatomical 
changes, such as increased lignification in the leaves (Cipollini, 1997) and a reduction 
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in leaf surface area (Niklas, 1996), etc. Leaf toughness tests may be used as one of the 
measures of the amount of thigmomorphogenesis because plants that undergo it are 
likely to have leaves that are more lignified than normal. It would be reasonable to 
suggest that plants that experience more mechanical perturbations (such as stronger 
winds) are likely to have tougher (more lignified) leaves than those that are more 
sheltered. 
 
As can be seen, leaf fracture toughness tests can play important roles in many 
different fields and thus it is important to have a good mechanical test that ensures 
this particular property of leaves is measured accurately and reliably. 
 
1.5 Objectives of Project 
 
The main aim of this project was to develop a test with an improved reliability in 
measuring the fracture toughness of leaves or thin flexible biological materials, and it 
has to overcome some or all of the shortcomings associated with current tests. 
 
The sub-aims are to: 
1. Establish a protocol and set-up design for performing the test. 
2. Determine the optimal parameters for performing the test. 
3. Evaluate the test by: 
a. Performing trials using biological and non-biological materials. 
b. Comparing the results of the new test with that of the scissoring test, one 
of the most reliable of current methods. 
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2. Designing A New Test 
 
2.1 Criteria Identification 
 
The previous chapter highlighted the problems that plague the current suite of tests 
available for measuring leaf fracture toughness. Any new test that is to be developed, 
must address at least some, if not all of the problems mentioned in order to be 
technically superior. To aid in the process of development, a few criteria for the new 
test are identified based on the problems highlighted in the previous chapter. They are 
listed below in decreasing order of importance: 
 
1. The device friction for the new test should be as low as possible when 
compared to the actual forces required to cut the specimen alone. (This will 
increase the sensitivity of the test to fracture events). 
2. Device friction, device-specimen friction and the strain energy stored within 
the specimen after the test must be accounted for as accurately as possible. 
(This is to remove extraneous energy not responsible for fracture from the 
calculation of fracture toughness). 
3. Crack propagation must be controlled and directed in the intended path. (This 
is to prevent unstable cracking and to prevent cracks from deflecting away 
from tough regions in the specimen). 





2.2 Designing the New Test 
 
The demanding criteria specified above are not easy to satisfy, especially the first, 
using conventional means. Practically all forms of cutting that utilize the opposing 
motion of two working surfaces (as in scissors, shears, guillotine, etc.) inevitably 
suffer from friction and this is especially true when a near-zero clearance between the 
working surfaces is desired. This essentially eliminated all tests except those that 
make use of only one working surface, such as the wedge-splitting test and the 
instrumented microtome test.  The wedge-splitting test’s approach only works for 
thick specimens and is impractical for thin specimens like leaf laminae, where the 
thickness is usually 1 mm or less. The low stiffness of leaf laminae also precludes an 
approach similar to the one used in the instrumented microtome test. Therefore, an 
un-tried and perhaps radical way of testing with a single working surface has to be 
attempted.  
 
2.3 Candidates for the New Test 
 
After some experimentation, three new cutting methods were studied using a 
miniature universal testing machine (Darvell et al., 1996) that was modified by the 
author, to determine their suitability for toughness testing of leaves. Owing to the 
planar form of most laminae, these new cutting tests were designed to work on thin 




2.3.1 Method 1 
 
Test procedure:  
The specimen to be tested was securely clamped on both sides using foam-lined 
clamps and held in a vertical position (Figure 2.1. A thin, sharp razor blade of 
thickness 0.235 mm (#62-0165, GEM®, American Safety Razor Company, USA) was 
attached to the load cell of the testing machine via attachments and the blade was 
slowly driven into the edge of the material, cutting into it. The force encountered and 
the displacement traveled by the blade was monitored to give a force-displacement 
graph that can be used to calculate the work expended to cut the specimen. Frictional 
work was subsequently measured by running a second pass through the already-cut 
specimen and was subtracted from the work during the first pass. Toughness is then 
the ratio of the work done in surface production over the area that is cleaved. 
Figure 2.1. Schematic diagrams of the test setup for Method 1. A) Front view, 










1. The direction and size of the cut can be controlled to a certain extent. 
2. The length of the cut can be easily determined from the force-displacement graph, 
hence there is no need to measure the cut length manually. 
3. The number of moving parts in the system is reduced and hence, friction is also 
reduced. 
4. This method is not suitable for soft materials because the edge of the material will 
bend or crinkle when the blade pushes against it. 
5. When edge bending or crinkling is involved, the direction of cut can deviate from 
the intended path. 
6. In order to avoid edge bending or crinkling, a tensional force normal to the 
direction of cutting has to be applied to the material. This increases the complexity 
of the test, as this extra source of strain energy has to be accounted for separately. 
 
Conclusion: 
This method is too restricted in its use (only stiff materials are suitable) and it is not 
easy to make a straight cut (owing to edge bending or crinkling). Therefore, this 
method is deemed as unsuitable for leaf fracture toughness testing. 
 
2.3.2 Method 2 
 
Test procedure: 
This method was designed to counter the problem of edge bending or crinkling 
encountered in the previous design. In this method, instead of the specimen being 
clamped in a vertical position, the specimen is laid and secured in a horizontal 
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position using cyanoacrylate adhesive (416, Loctite, UK) as shown in Figure 2.2, 
similar to the scissoring test.  A sharp scalpel blade (BS2982, Paragon, UK) with a 
pointed tip, inclined at an angle, was attached to a load cell and the tip of the blade 
was slowly driven into the test material. The tip of the scalpel blade first pushed 
against the specimen and when sufficient stress was generated in the specimen, the 
specimen was punctured by the blade tip. Following puncture, the cutting edge of the 
scalpel blade sliced into the specimen, creating a cut. After the specimen was cut in 
the first pass, a second pass was performed by driving the blade through the cut again 
to measure the amount of work done against friction and in elastically deforming the 
specimen during cutting. 
 
Figure 2.2. Schematic diagrams of the test setup for Method 2. A) Front view, 
B) Side view. 
 
Analysis: 
1. The direction and size of the cut can be controlled. 
2. A large force was generally required to initiate puncturing. This might induce 
undesirable plastic deformation in the sample before cutting even commences. 
3. The sudden release of strain energy during puncture can result in unstable crack 














Direction of blade 
movement 
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4. The possible length of cut is limited, owing to the type of blade used. 
5. Puncturing force is dependent on the sharpness of the blade tip. 
6. Deformation of the specimen after the first pass could cause the scalpel blade to 
puncture and cut into uncut regions of the specimen during the second pass. 
 
Conclusion: 
Although this method is an improvement over the previous method, it is still 
inadequate. The puncturing event is unstable and can result in uncertainties in the 
measurements.  This method is thus also deemed as unsuitable for leaf toughness 
testing. 
 
2.3.3 Method 3 
 
The third method was almost identical to the previous method, except that a thin sharp 
razor blade of 0.235 mm thickness (#62-0165, GEM®, American Safety Razor 
Company, USA) was used instead of the sharp pointed scalpel blade. Also, the blade 
no longer cuts from within the test material, but instead cuts from the edge of the 
specimen inwards (Figure 2.3). This avoids the need to puncture the material before 
cutting can commence. Another advantage of this design is that no crinkling effect is 
seen in front of the blade, even for very soft materials. When the blade pushes against 
the material, the material bends downwards and becomes tensioned. The tensional 
force, within the specimen acts normally to the direction of the cut, helping to “spread 




Figure 2.3. Schematic diagrams of the test setup for Method 3. A) Front view, B) 
Side view. 
Figure 2.4. Tensional forces set up within the material helps to prevent the specimen 




1. The direction and size of the cut can be controlled. 
2. No crinkling effect is seen unlike in Method 1. 
3. Cut can be propagated within the specimen without the need for puncturing. 
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Owing to the potential of Method 3, further investigations of its accuracy and 
reliability in measuring fracture toughness were carried out. These studies will be 
described and illustrated below. 
 
2.4 Preliminary Trials for the Prime Candidate for the New Test 
 
A series of initial experiments were conducted to determine the accuracy, reliability 
and suitability of Method 3 (hereafter named as the Single Blade Cutting Method, or 
SBCM for short) for measuring fracture toughness and the results are presented 
below. 
 
2.4.1 Determining the load cell response to off-axis loading 
 
Most load cells are designed to take loads in line with the primary loading axis and do 
not respond well to off-axis, eccentric or side loading. Because of the placement of 
the blade in the SBCM, the loading axis is usually not in line with the primary loading 
axis of the load cell. It is thus, crucial to determine if the accuracy of the load cell is 
affected under this kind of situation. 
 
Experimental Setup and Procedures: 
 
The equipment was set up with the load cell (Model 31, Honeywell Sensotec, USA) 
detached from the fracture toughness tester (Darvell et al., 1996), inverted and firmly 
attached onto a bench top (Figure 2.5). A miniature G-clamp from the tester’s tool kit 
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was then attached to the load cell. A steel ruler 15 cm in length was subsequently 
clamped horizontally using the mini G-clamp. A mass of 47.365g (determined using 
an electronic balance) was attached to a string and hung onto the steel ruler starting at 
a position 3.0 cm from the centre of the load cell. The free-hanging weight was 
allowed to stabilise and the load data was continuously sampled for a few seconds. 
The weight was then manually shifted 0.5 cm further away from the centre of the load 
cell and allowed to stabilise before the load measured by the load cell was sampled 
again. This whole process was repeated until the weight was a distance of 10.5 cm 
from the centre of the load cell. The weight was removed and a blank test without the 
weight was performed to take into account of instrumental noise and zero error.  
Figure 2.5. Experimental setup to investigate the effect of off-axis loading on the 




Figure 2.6 shows the measured forces (weight) plotted against the distance away from 
the centre of the load cell. Each vertical column denotes the measured weight of the 
attached weight, over a short period of time (approximately 2–3 seconds). As seen 
from the graph, the weight of the attached weight practically remained constant as it 
Table Top 
Load Cell 
Mini G-clamp Steel Ruler 
Weight (47.365g) 
String 
Distance of load from the centre of the load cell 
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was shifted away from the centre of the load cell. A simple linear regression line was 
plotted and the y-intercept of the regression line was found to be 0.4746 N.  
Figure 2.6. The measured values of a standard weight at various distances away from 




From the almost horizontal straight line seen in Fig. 2.6, the weight measured is 
constant irrespective of the distance from the load cell so indicating that it is still 
accurate to use the load cell with an off-axis load. Apparently, the strain gauges 
within the load cell are able to compensate for the turning moment about the load cell. 
This is also verified from the load cell’s written specifications that it “is designed to 
eliminate or reduce to a minimum, the effects of off-axis loads” (Honeywell, 2005, p. 
LO-18). This verification step is necessary because in the use of an inclined blade, the 
direction of the force exerted on the blade by the specimen is usually not in line with 
the centre of the load cell. To further confirm the accuracy of the reading, the y-
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intercept of the regression line was compared with the actual weight of the weight. 
The difference between the actual weight and the weight obtained using the y-
intercept was only 0.01 N (0.4746 – (47.365 x 0.00981) = 0.01), which was 
insignificant, after considering possible errors owing to noise (~0.01-0.02 N) and the 
method of regression. The conclusion obtained from this test was that the off-axis 
loads do not affect the accuracy of the load cell, thus permitting the use of an inclined 
blade in the SBCM. 
 
2.4.2 Determining the cutting behaviour of SBCM 
 
After verification that the load cell can work reliably with off-axis loads, the next step 
was to test how well the method works and from there establish a test protocol for this 
new method. 
 
Experimental Setup and Procedures: 
 
A Teflon-coated razor blade (#62-0165, GEM®, American Safety Razor Company, 
USA) was tightly clamped at a blade angle of 20° to the horizontal using a miniature 
G-clamp and attached to the load cell of the tester (Figure 2.7). Three test materials, 
namely PET plastic transparency sheet (PP2910, 3M, Italy), A4 copier paper (Double 
A, Advance Paper Co. Ltd., Thailand) and hardened ashless filter paper (No. 542, 
Whatman, England), were chosen for this study because of their higher structural 
uniformity as compared to biological materials. The test materials were cut into the 
form of a strip about 2 cm long by 1 cm wide. During the test, the test strip was laid 
flat on a stage over a gap 12 mm wide. A small drop of cyano-acrylate glue (416, 
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Loctite, UK) was used on each end of the strip to secure it to the stage. The crosshead 
together with the blade was then slowly driven down at a speed of 10mm min–1. A cut 
was made to the specimen, but without cutting through the whole width of the strip 
and the measured forces were recorded. The crosshead was subsequently moved up 
and an empty pass was performed by driving the blade through the existing cut. The 
forces measured during the empty pass were then subtracted from those of the actual 
pass to account for friction between the razor blade and the test strip, as well as the 
strain energy stored in the test strip after cutting. The length of the cut was then 
estimated by measuring the cut on both sides of the specimen using a pair of digital 
callipers (CD-6”CS, Mitutoyo Corp., Japan) accurate to 0.01 mm, using a stereozoom 
microscope at 1.5–3.5 times magnification and averaging to obtain the final value. 
The thickness of the specimen was estimated using a pressure-sensitive dial calliper 
(SM-112, Teclock, Japan) accurate to 0.01 mm. The area cleaved was then calculated 
as the product of the average cut length and the thickness of the specimen. Toughness 

















Figures 2.8 to 2.10 show the typical force-displacement curves generated for the three 
different types of specimens during the actual pass (A) and the empty pass (B). The 
difference between the actual and empty passes (C) represents the forces required for 
the cutting alone. It was observed in the actual pass that an initially large force was 
required to start cutting, after which, the force dropped to a more or less stable value 
as the cut lengthens. For the empty pass, the force was observed to increase gradually 
in the initial stages, but near the end of the cut, it increased rapidly, reaching the force 























Figure 2.8. Force-displacement graph generated for PET plastic during the actual 





















Figure 2.9. Force-displacement graph generated for A4 copier paper during the actual 
























Figure 2.10. Force-displacement graph generated for No. 542 filter paper during the 






The force-displacement graphs for the three different types of specimen looked rather 
similar in shape, showing an initial peak in force to initiate cutting that quickly 
dropped to a lower, generally stable value. This indicated that the fracture event 
proceeded in a stable and controlled fashion after an initial notch is made in the 
specimen. The force-displacement graphs generated during the actual pass for the 
three specimen types are in agreement with the structure of the specimens. PET 
plastic, which is tough and homogeneous, requires a larger, but almost constant force 
for stable cutting. A4 copier paper and No. 542 filter paper, on the other hand, are 
made up of a non-continuous mesh of tough cellulose fibres, resulting in a fluctuating 
force as the fibres are traversed and cut. Comparing the copier paper to the filter paper, 
the filter paper is harder to cut, probably because of the higher density of fibres per 
unit volume. 
 
The force-displacement graph of the empty pass may seem puzzling at first sight 
owing to the sudden increase in force near the end of the graph, especially since it 
approaches the force level encountered at the end of the actual pass. This sudden 
increase in force was is probably because of the loading and elastic bending of the 
specimen as the blade pushes against it. The reason why the force approaches the 
magnitude of the actual pass can be because the specimen is strained to the same state 
as the point where cutting stopped during the actual pass. Further displacement of the 
blade would probably have resulted in further cutting of the specimen. This could be 
good news because this means that the strain energy stored in the specimen at the end 
of the actual cut can be the same as the strain energy stored in the specimen at the end 
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of the empty pass. This can provide a convenient way to account for the strain energy 
stored within the specimen. The conventional way of accounting for strain energy by 
simply unloading the specimen at the end of a test would not work in this case, 
because during unloading, the slit in the specimen would grip the blade and be bent in 
the direction of blade motion (Figure 2.11). The condition during loading and 
unloading would hence be different and this prevents the use of the unloading method 
for measuring the strain energy stored in the specimen. 
Figure 2.11. Strain energy stored within the specimen cannot be accounted for by 
simply withdrawing the blade, because during loading the specimen is bent 
downwards (A) and during unloading, it is bent upwards (B). The conditions are not 
the same in both cases, hence the unloading method cannot be used.   
 
An interesting and useful side effect of the specimens bending in the direction of 
blade travel was discovered. It was found that the cut edges of the specimens acted 
like wipers that cleaned the blade automatically. During the lowering of the blade, any 
debris on the blade surfaces will be pushed up along the blade by the upper surface of 
the specimen and deposited away from the working surfaces, and during withdrawal 
of the blade, any debris on the blade below the specimen will be pushed downwards 
towards the cutting edge and flicked off when the blade was fully redrawn from the 
specimen. This essentially eliminated the need to clean the blade before each test! 
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 2.4.3 Interpreting the Force-Displacement Graphs 
 
The previous experiment provided some insights into the cutting behaviour of the 
SBCM, but there still remained questions on what each portion of the force-
displacement graph really means, in relation to the physical processes that occurred 
during the test. Thus the objective of this experiment was to perform a cutting 
experiment step-wise, so that each physical process can be observed and linked to the 
various parts of the force-displacement graph. 
 
Experimental Setup and Procedures: 
 
The experimental setup was exactly identical to Experiment 2, with the exception that 
a PET plastic strip was used for this test. The plastic strip was mounted on the stage 
and cyclically loaded and unloaded for two cycles. During the loading cycle, the razor 
blade descended onto the strip at 10 mm min–1 and stopped when the load cell 
indicated about 1.0–1.1 N in force (just before sufficient force was exerted to initiate 
cracking, as indicated in Figure 2.8). During the unloading cycle, the blade was raised 
until it was a few millimetres above the strip before it was stopped. The plastic strip 
was then checked for any damage after the two loading and unloading cycles were 
completed. 
 
After the check for damage was done, an actual pass was conducted by lowering the 
razor blade onto the plastic strip, making a cut about halfway through the width of the 
strip. The blade was then raised and a subsequent empty pass was made over the same 
displacement travelled during the first pass. However, instead of stopping the blade 
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and raising it at the end of the empty pass, the blade was lowered even further, cutting 





Figure 2.12 shows the force-displacement graph generated by cyclically loading and 
unloading the plastic strip twice, such that the force indicated by the load cell never 
exceeded 1.1 N. The displacement shown in Figure 2.12 was not the actual 
displacement of the razor blade during the experiment. This was because the tester 
treated increments and decrements in displacement as the same, and thus movement 
of the blade in either direction always resulted in an increasing displacement value. 
What can be interpreted from this is that the initial rise in force during the actual pass 
is actually a result of elastic bending of the specimen under the loading action of the 
razor blade. If there was a cut, then the shape of the force-displacement graph during 
the second loading cycle would be different from that obtained during the first loading 
cycle. The identical shape of the force-displacement graph obtained for each complete 
cycle clearly indicated that this process was reversible and hence elastic in nature. The 
check conducted at the end of the two cycles also verified that the strip was not cut, 
although a superficial indentation mark was found at the edge where the blade 
contacted the specimen. 
 
The force-displacement graphs obtained from the actual pass and empty pass are 
shown in Figure 2.13. It was observed that a fracture was initiated soon after the 
initial rise in force during the actual pass and this showed up as a quick drop in the 
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force measurements. Fracturing was observed to proceed stably after this. For the 
empty pass, the initial gentle slope was found to be associated with blade-specimen 
friction and some specimen deformation. As the descending blade slowly moved into 
the slit, the contact area between the blade and the specimen also progressively 
increased. The friction between the two will cause the specimen to lightly grip the 
blade and be slightly “pulled” downwards in the direction of blade motion. This 
deformation was gradual and showed up as a gentle increase in force measurements as 
a higher percentage of the specimen was deformed. However, once the blade fully 
traversed the slit, it pushed against the specimen, bending it downwards significantly 
and storing strain energy within the specimen. This showed up as a sharp rise in force. 
When sufficient strain energy becomes available (such as the point where cutting had 
stopped in the actual pass), cutting will commence, as was observed when the blade 
descended beyond the end of the empty pass. This supports the view that the empty 
pass measured both the blade-specimen friction, as well as the strain energy stored 
within the specimen at the end of the actual pass. The information obtained from the 
above tests can now be used to interpret the force-displacement graphs generated 
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Figure 2.12. Force-“displacement” graph obtained by cyclically loading and 
unloading the plastic strip twice. The similarity in form between the two cycles 






















Blade is moving down 
but has not yet 
contacted the specimen
Specimen is bent down 
elastically, storing strain 
energy within itself
Fracture is initiated
Cut grows in a stable 
and controllable fashion
Specimen is bent down 
elastically, storing strain 
energy within itself
Blade is traversing 
through the slit and 
bending the specimen 
slightly
At this point, the strain energy 
stored in the specimen is similar for 
both the actual and empty passes
Renewed cutting occurs after 
the end point of the empty pass
 
 
Figure 2.13. The force-displacement graphs derived from the actual and empty passes 
and during extended cutting when the blade descends beyond the end point of the 
empty pass. The various physical processes that occurred are labelled on the graphs.   
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The Single Blade Cutting Method seemed promising and the suggested experimental 
protocol is as below: 
 
1. Mount the specimen securely over a gap such that it lies flat. 
2. Do an actual pass with an angled blade by making a slit in the specimen. 
3. Do an empty pass following the exact same pathway of the actual pass. 
4. Subtract the work done in the empty pass from the actual pass. 
5. Remove the specimen and measure the specimen thickness and the length of the 
slit on both sides of the specimen. Length of slit is taken as the average of the two 
measured lengths. 
6. Calculate the toughness by dividing the work done by the area cleaved. 
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3. Materials and Methods 
 
3.1 Selection of Materials 
 
A variety of non-biological and biological specimens were selected as test materials. 
Non-biological specimens used in this study were: 1) Polyethylene terephthalate (PET) 
plastic transparency sheets (PP2910, 3M, Italy), 2) 80 gsm A4 photocopier paper 
(Double A, Advance Paper Co. Ltd., Thailand) and 3) hardened ashless filter paper 
(No. 542, Whatman, UK). These were selected because of their high uniformity in 
structure and composition. 
 
Biological specimens consisted of mature sun leaves from six native species 
(Adinandra dumosa, Cinnamomum iners, Dillenia suffructicosa, Fagraea fragrans, 
Rhodamnia cinerea and Syzygium grande) harvested from both wild and cultivated 
trees from May to July 2006. These were selected because their leaf toughness had 
been investigated before (Choong et al., 1996) and they were easily available. Leaves 
were harvested from within Kent Ridge Campus of the National University of 
Singapore and Clementi Woods in the Republic of Singapore. Appendix C provides 
details of the leaf samples. 
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3.2 Preparation of Materials 
 
3.2.1 Non-Biological Materials  
 
The non-biological specimens were prepared by first cutting them into long strips of 
about 1 cm in width. For A4 copier paper, the strips were cut in the Cross-Machine 
direction. These strips were then further cut to the appropriate sizes of about 2 cm 
long and 1 cm wide before testing. 
 
3.2.2 Biological Materials 
 
Sun leaves that were harvested from within the Kent Ridge campus of National 
University of Singapore were brought to the laboratory within 15 minutes without any 
other special preparation. Leaves that were harvested from outside the campus were 
sealed in plastic bags with damp tissue paper before transporting back to the 
laboratory within an hour of collection. Upon arrival at the laboratory, the leaves were 
placed petiole-down in a beaker containing some tap water and allowed to re-hydrate 
for about an hour, ensuring all leaves were turgid at the time of testing. Only the 
petioles were immersed in the water leaving other portions of the leaves above water 
to prevent water-logging of the lamina tissues. Only the portion of the lamina in the 
central 70% between the base and the tip of the lamina was utilized. Flat portions of 
the lamina without secondary veins were selected and excised. The excised lamina 
was then cut into a strip of about 2 cm long and 1 cm wide before being mounted on 
the testing platform. Laminas were usually tested within the day of their harvest with 
only a few laminas tested by the second day. 
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3.2.3 Equipment Preparation 
 
3.2.3.1  Razor Blade 
 
A fresh Teflon-coated razor blade (#62-0165, GEM®, American Safety Razor 
Company, USA) was used for each series of tests. Before usage, each razor blade was 
removed from its aluminum rib, wiped clean with ethanol using lint-free tissue (05311, 
Scott MicroWipes, USA) and inspected using a stereozoom microscope (EMZ, Meiji, 
Japan) at 40× magnification for dents or defects along the cutting edge. Defective 
blades were discarded. 
 
3.2.3.2  Scissors 
 
A pair of hairdressing scissors (No. 231, Dovo, Germany) was used for all the 
scissoring tests. The joint of the scissors was loosened to the point that it can just 
remain in a horizontally open position when held by the lower handle, to provide 
minimum device friction. The blades were cleaned with ethanol and lint-free tissues 
(05311, Scott MicroWipes, USA) prior to each test. The cleanliness of the blades was 
qualitatively verified by opening and closing the scissors twice — clean scissors will 
open and close very smoothly without any jerkiness. 
 
3.2.3.3  Blade Mounting 
 
A template for mounting the blade at the desired blade angle was prepared by drawing 
lines at 5° intervals on the template (Figure 3.1). The mini G-clamp with the blade 
 73
inside its jaws was placed onto this template and the blade was adjusted until its 
cutting edge was aligned exactly with the line denoting the desired angle. The clamp 
was then tightened to fix the blade at the desired blade angle. 
 
The clamp and the blade were next mounted onto the testing machine and aligned 
approximately parallel to the edges of the two supports below. A specially made 
locating jig (Figure 3.2A) was placed in between the supports. This jig was made in 
such a way that when the blade was positioned flat against the step on the jig, the 
blade’s edge would be parallel and equidistant to the lines OQ and PR. By positioning 
the supports flat against the jig (Figure 3.2B), the blade’s edge would then become 
parallel and equidistant to the edges of the supports. The blade was considered 
successfully mounted after the two supports were secured and the jig removed. Visual 
checks were subsequently performed to ensure that the blade was positioned correctly. 
Despite great care taken during the mounting procedure, some errors are however 
inevitable, especially since blade mounting is a complex manual process. Coupled 
with an error of about 0.1 mm in the locating jig (due to manufacturing tolerance), the 
total deviation of the blade’s edge to the real centre of the gap is estimated to be 








Figure 3.1. Diagram 
showing how the blade 
was mounted in the clamp 
at the desired angle. 
Angles shown in diagram 













Figure 3.2. Diagrams showing A) the specially-made jig (different sizes were made 
for different gap widths) and B) how the blade was aligned to the centre of the gap. 
Drawings are not to scale. 
 
 
3.2.3.4  Testing Platform 
 
A modified version of the portable universal testing machine described by Darvell et 
al. (1996) was used for all the cutting tests. Details of the modifications and upgrades 
are in Appendices A and B. The tester was used in conjunction with Labview 7.0 
(National Instruments, USA) software and software specially written by P.W. Lucas 














3.3 Testing Methods 
 
3.3.1 Determining the Optimal Test Parameters for the Single Blade Cutting 
Method 
 
There are two test parameters that could possibly affect the test results, namely the 
blade angle and the gap width. The blade angle is the angle enclosed between the 
inclined cutting edge of the blade and the horizontal, whereas the gap width is the 
horizontal distance between the two supports holding up the specimen. 
 
Non-biological materials were used for this study because of their greater uniformity 
in structure and composition (and hence, uniformity in toughness). This would allow 
the effects of the differences in test parameters to be observed more easily through the 
changes in toughness results. Biological materials with their greater heterogeneity are 
not very useful for determining the optimal test parameters because inter- and intra-
specimen variations can be very high, making it difficult to identify whether specimen 
variations or changes in test parameters are responsible for the differences in the 
toughness results. 
 
Prepared strips of PET plastic and A4 copier paper were used as the test specimens in 
this study. The effects of the permutations of three different gap widths (9.0 mm, 12.0 
mm and 15.0 mm), and three different blade angles (20º, 25º, and 30º) were 
investigated. For every combination of blade angle and gap width, the prepared strips 
were laid over the preset gap between the supports such that the strip length was 
perpendicular to the edges of the supports and the cutting edge of the razor blade 
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(Figure 2.3B). The two ends of the specimen strip were glued to the supports using 
cyanoacrylate adhesive (416, Loctite, UK) and allowed to set for a few minutes. 
 
The razor blade, clamped at the preset angle in a mini G-clamp (Fig. 2.7) that was 
attached to a load cell (Model 31, Honeywell Sensotec, USA) and the crosshead, was 
slowly driven down towards the specimen at 10 mm min-1 to make a slit in the 
specimen. The blade was raised after the slit was made and the specimen was allowed 
to relax back to its unstrained state. Occasionally, the two offcuts may be slightly 
displaced vertically relative to each other after the blade was raised. If that was 
observed, these offcuts were gently patted flat using the flat portion of a flat screw 
driver to return the specimen to its original shape before cutting. A second pass was 
subsequently performed with the specimen remaining in place to measure the work 
done against friction and to account for the strain energy stored within the specimen at 
the end of cutting during the first pass. The work done in cutting is the difference in 
work measured in the two passes. 
  
After the cutting experiment, the specimen was removed from the supports using a 
cyanoacrylate debonder (BestChem Debonder, Best Chemical Co. Pte. Ltd., 
Singapore). The length of the slit was estimated by averaging the slit length as 
measured on both sides of the specimen, using a pair of digital calipers (CD-6”CS, 
Mitutoyo Corp., Japan; accurate to 0.01 mm) and a stereozoom microscope (EMZ, 
Meiji, Japan) at 15–35× magnification. The thickness of the specimen was estimated 
by using a pressure-sensitive dial calliper (SM-112, Teclock, Japan) accurate to 0.01 
mm. The area cleaved was then calculated as the product of the average slit length and 
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the thickness of the specimen. Toughness of the specimen was calculated as the ratio 
of the work done in cutting over the area cleaved. 
 
3.3.2 Comparing the SBCM with the Scissoring Method 
 
The SBCM and the scissoring method were compared with data from published 
literature on scissoring as well as from experiments conducted by me. Both biological 
and non-biological specimens were assesseed, which includes leaves (Choong et al., 
1992), No. 542 Whatman filter paper (Lucas et al., 1995, Pereira et al., 1997), PET 
plastic and A4 copier paper. 
  
3.3.2.1 Non-Biological Specimens using SBCM 
 
Strips of the non-biological specimens (No. 542 Whatman filter paper, PET plastic 
and A4 copier paper) were tested using the experimental procedures described in 
section 3.3.1., with the exception that all tests were conducted at a blade angle of 20° 
and a gap width of 12.0 mm. 
 
3.3.2.2 Non-Biological Specimens using Scissoring 
 
Strips from the same sheets of non-biological specimens (No. 542 Whatman filter 
paper, PET plastic and A4 copier paper) were tested using a modified scissoring 
procedure adapted from Lucas and Pereira (1990). This modified procedure includes 
two additional steps to account for the strain energy stored within the specimen and 
the changes in the friction profile after cutting. An empty pass (first pass) of the 
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scissors was first made to take into account the work of friction (W1). Following that, 
a specimen strip was mounted on the testing platform by adhering one of its ends to 
the platform using cyanoacrylate glue (416, Loctite, UK), allowing it to set for a few 
minutes. This was to ensure that the specimen’s position would remain unchanged 
during the experiment. A second pass was then performed, making a cut in the 
specimen, with the energy input recorded (W2). With the specimen still in place, a 
third pass was made to take into account of the strain energy stored within the 
specimen during cutting (W3). The specimen was then removed and a fourth pass was 
made to estimate the work of friction after the cutting experiment (W4). The net work 
(Wnet) in cutting was calculated as follows: 
 
Wnet  = (W2 – W1) – (W3 – W4)   (1) 
 
The toughness of the specimen in resisting the creation of a cut surface was then 
calculated as the ratio of net work (Wnet) to the measured cleaved area. 
 
The modified procedure was also compared to the previous procedure reported by 
Lucas and Pereira (1990), to determine if the inclusion of (W3 – W4) in the 
calculation of Wnet had a significant effect on the calculated value of toughness. 
Additional experiments are not required to perform this comparison — the work done 
using the previous method can be easily found using the following equation: 
 
Wnet (Lucas and Pereira (1990)) = W2 – W1  (2) 
 
Toughness of the specimen was calculated in the same way as above.  
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3.3.2.3 Biological Specimens using SBCM 
  
The biological specimens used for the test were leaves collected from six different 
species of trees. For each species, twenty leaves were harvested from at least five 
conspecifics, with a maximum of four leaves from each tree, to ensure a good 
representation of the intra-specific variation. The experimental procedure followed 
closely to that described in section 3.3.1., with the exception that all tests were 
conducted at a blade angle of 20° and a gap width of either 9.0 mm or 12.0 mm. A 
gap width of 12.0 mm was used for four larger-leaved species (Adinandra dumosa, 
Cinnamomum iners, Dillenia suffruticosa and Syzygium grande) and a gap width of 
9.0 mm was used for another two species (Fagraea fragrans and Rhodamnia cinerea). 
A smaller gap width was used for the latter two species because their smaller leaves 
do not yield sufficient suitable leaf material for mounting over a 12.0 mm gap. 
Lamina strips were tested with the adaxial surface downwards. Cuts were directed 
roughly perpendicularly to the secondary veins. This translated to between 0–30° to 
the midrib for all the species except for Cinnamomum iners and Rhodamnia cinerea, 
where their acrodromous (tri-nerved) venation means that the direction of the cuts 
were around 90–110° to the midrib. 
 
3.3.2.4 Biological Specimens using Scissoring 
 
For scissoring, leaves from the same species used in the SBCM tests were harvested. 
For each species, 11–12 leaves were harvested from at least three conspecifics that 
were the same trees used earlier for the SBCM tests, with a maximum of four leaves 
from each tree, to ensure a reasonable representation of the intra-specific variation. 
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Less sampling was used for scissoring because it is a well-established test that 
delivers consistent results. The current sampling size was also sufficient for a 
comparison with the SBCM and was comparable if not more than the sample sizes 
used in various investigations involving the scissoring test (Lucas and Pereira, 1990; 
Lucas et al., 1991; Choong et al., 1992; Wright and Illius, 1995). For each leaf, two 
cuts were made — one in the direction parallel and one in the direction perpendicular 
to the secondary veins. Leaf materials for the two cuts were excised from lamina on 
each side of the midrib, respectively. Tests were conducted using the modified 
experimental procedures described previously in section 3.3.2.2. 
 
Like for the non-biological specimens, results obtained by using the modified 
scissoring procedure were also compared to the results that would have been 
generated by the conventional procedure, via the same method described in 3.3.2.2. 
 
3.3.3 Determining Blade Sharpness 
 
Teflon-coated razor blades (#62-0165, GEM®, American Safety Razor Company, 
USA) used for the cutting experiments were thoroughly cleaned with ethanol, 
mounted on a SEM specimen holding stub with the cross-section side of the blade’s 
end facing directly upwards and then gold coated. Images of the blade edge cross-
sections were taken using a scanning electron microscope (T220A, Joel JSM, Japan) 
at 10000-15000× magnification. A circle was then fitted to the outline of the blade’s 
tip, and the radius of this circle was taken as the radius of curvature of the blade 
(Arcona and Dow, 1996; Popowics et al., 1997; Sheikh-Ahmad and McKenzie, 1997; 
Meehan et al., 1999; Reilly et al., 2004). 
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3.3.4 Imaging of Fracture Surfaces 
 
Cut surfaces of both biological and non-biological specimens were examined with a 
scanning electron microscope (T220A, Joel JSM, Japan) at 200–350× and 500× 
magnification, respectively. The samples were of different thickness and hence, 
required the use of different magnifications in order to fit the entire thickness of the 
sample within the field of view of the SEM. Non-biological specimens were mounted 
onto SEM specimen holding stubs, gold coated and imaged without any special 
preparation. Biological specimens on the other hand, required prior fixing and 
dehydration. A modified protocol from Dykstra (1993) was used: fixed in Trump’s 
4F:1G fixative (McDowell and Trump, 1976) at room temperature for 1–2 hr, rinsed 
with deionised water twice (5 min each), and progressively dehydrated in an ethanol 
dehydration series (50%, 75%, 95%, 100%, 100% v/v ethanol; 15 min each), before 
finally being dried in a critical point dryer (CPD-030, Bal-Tec AG, Germany). 
Processed specimens were then mounted onto SEM specimen holding stubs and gold 
coated before being viewed with the scanning electron microscope. 
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4. Results and Discussion 
 
4.1 Optimal Test Parameters for the Single Blade Cutting Method 
 
4.1.1 Force-Displacement Curves 
 
Typical force displacement curves using the SBCM were obtained for PET plastic 
(Figures 4.1) and A4 copier paper (Figures 4.2) at different blade angles and gap 
widths. It was observed that for both PET plastic and A4 copier paper, the peak force 
required to initiate cutting tends to decrease as the blade angle increased. This is 
because at higher blade angles, the blade loads a smaller area of the specimen 
(personal observations) and thus, lesser force is required to generate sufficient stress 
under the cutting edge to initiate failure in the specimen. 
 
It was also observed that for PET plastic, the peak force to initiate cutting tends to 
increase with increasing gap width. This is because more energy is required to stretch 
the longer specimen at larger gap widths to generate sufficient stress (or strain) to 
initiate failure. This trend is however not readily observed with A4 copier paper, 
presumably because of its higher anisotropy where the number of cellulose fibres in 
contact with the blade at any one time is not a constant. The stress required to initiate 
failure would thus be slightly different across specimens, making it difficult to 
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Figure 4.1.  Typical force-displacement curves generated by cutting PET plastic at 
various combinations of gap widths and blade angles. The curves in each group are 
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Figure 4.2.  Typical force-displacement curves generated by cutting A4 copier paper 
at various combinations of gap widths and blade angles. The curves in each group are 
slightly staggered for better clarity. From left to right: 9 mm, 12 mm and 15 mm gap. 
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4.1.2 Toughness Values Using Different Test Parameters 
 
Table 4-1 and Figure 4.3 show the toughness and the data distribution respectively, of 
PET plastic obtained by varying the test parameters of blade angle and gap width. 
Table 4-2 and Figure 4.4 show the same for A4 copier paper. The toughness values of 
both PET plastic and A4 copier paper were found to increase as the blade angle 
increases, whereas the gap width did not seem to have a significant impact on the 
results. 
 
The test data for PET plastic were divided into three groups based on blade angles of 
20, 25 and 30 degrees respectively (Figure 4.5). Statistical analysis indicated that 
toughness results across the different blade angles were significantly different 
(p<0.001, Kruskal-Wallis Test). Upon further comparisons, significant differences 
(p<0.001, Mann-Whitney Test) in toughness were found between alternating paired 
groups. No differences, however were found across the three groups for different gap 
widths (Figure 4.6). Upon further analysis, the toughness at each of the three gap 
widths tested using blade angles of 20 and 25 degrees were not significantly different, 
but for a blade angle of 30 degrees, toughness was significantly different between gap 
widths of 9 mm and 12 mm (p<0.01, Mann-Whitney Test) and between 9 mm and 15 
mm (p<0.01, Mann-Whitney test), but not between 12 mm and 15 mm. 
 
Similarly, the test data for A4 copier paper are divided into three groups based on 
blade angles of 20, 25 and 30 degrees respectively (Figure 4.7). Statistical analysis 
indicated that toughness results across different blade angles were significantly 
different (p<0.001, Kruskal-Wallis Test). Upon further comparisons, significant 
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differences (p<0.001, Mann-Whitney Test) in toughness were found between 
alternating paired groups. However, no differences were found across and between 
the groups for toughness at each of the three gap widths tested (Figure 4.8). 
 
It is very evident from Tables 4-1 and 4-2 that a larger blade angle results in an 
increase in energy requirements (“toughness”) for propagating a crack in the 
specimen. Gap width did not seem to have a significant impact on the results, 
especially at smaller blade angles of 20°–25°.  Examination of the cutting process 
suggested that the higher energy requirement at large blade angles was linked to the 
storage of strain energy within the blade during cutting. The thin razor blade that was 
used for the experiments has a thickness of 0.23 mm and is not very rigid — it can be 
deflected if sufficient force is applied perpendicularly to its cutting plane. At small 
angles, a good portion of the blade is well clamped within the mini-G-clamp used 
(Figure 4.9A) and the short exposed part resists bending very well. At larger blade 
angles, more of the blade becomes exposed and unsupported outside the clamp 
(Figure 4.9B) and consequently, becomes less resistant to bending. If a force pushes 
perpendicularly against the blade and deflects it, strain energy can be stored within the 
blade and not be utilized in cutting. This will manifest as an increase in energy 
requirement for making a cut in the specimen. 
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Table 4-1  Toughness values (in Jm-2) of PET plastic using different test parameters. 
The standard deviation and sample size are enclosed in round brackets ( ) and square 
brackets [ ], respectively. 
 
           Gap width (mm) 
 
Blade angle (°) 
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Figure 4.3.  Box and whisker plot for PET plastic toughness values versus specimen 
gap widths. The upper and lower limits of each box represent the 75th and 25th 
percentile respectively, with the horizontal line in the box being the median. Ends of 
the blue whiskers denote the maximum and minimum values of the data set. The 
mean is indicated by a black diamond (♦). Red error bars represent a 95% confidence 
interval of the mean. 
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Table 4-2  Toughness values (in Jm-2) of A4 Copier Paper using different test 
parameters. The standard deviation and sample size are enclosed in round brackets ( ) 
and square brackets [ ], respectively. 
 
           Gap width (mm) 
 
Blade angle (°) 
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Figure 4.4.  Box and whisker plot for A4 copier paper toughness values versus 
specimen gap widths. The upper and lower limits of each box represent the 75th and 
25th percentile respectively, with the horizontal line in the box being the median. Ends 
of the blue whiskers denote the maximum and minimum values of the data set. The 
mean is indicated by a black diamond (♦).Red error bars represent a 95% confidence 




Figure 4.5.  Statistical analysis of the effect of blade angles on the toughness of PET 
plastic. The test data were divided into three groups based on blade angles of 20, 25 
and 30 degrees respectively. Each group consists of data obtained at gap widths of 9 







Figure 4.6.  Statistical analysis of the effect of gap widths on the toughness of PET 
plastic. The test data were divided into three groups based on blade angles of 20, 25 
and 30 degrees respectively. Each group consists of data obtained at gap widths of 9 
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Figure 4.7.  Statistical analysis of the effect of blade angles on the toughness of A4 
copier paper. The test data were divided into three groups based on blade angles of 20, 
25 and 30 degrees respectively. Each group consists of data obtained at gap widths of 







Figure 4.8.  Statistical analysis of the effect of gap widths on the toughness of A4 
copier paper. The test data were divided into three groups based on blade angles of 20, 
25 and 30 degrees respectively. Each group consists of data obtained at gap widths of 
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Figure 4.9.  A blade at a larger blade angle is more susceptible to the bending 
moment exerted by a force P acting normally to the cutting plane. A) Blade at a small 
blade angle, B) Blade at a large blade angle. Not drawn to scale. 
 
 
If the blade in the clamp can be approximated as a cantilever beam, then the strain 
energy stored within a cantilever beam deflected by a load at the free end (Figure 4.10) 
is given by: 
 
U = P2L3/6EI      (3) 
 
where  U – Strain energy in beam, 
  P – Applied load, 
L – Length of cantilever, 
E – Young’s modulus, 
I – Moment of inertia of area. 
 
A B 
Side View Side View 






L2 > L1 
P P
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And the turning moment M about the support is given by: 
 
M = PL      (4) 
 
Figure 4.10.  A cantilever of length L bent by a load P at its free end. 
 
From Equation 1, the storage of energy in a bent cantilever is heavily dependent on 
the square of the normal load P and the cube of its length L, with length being a more 
significant factor. The turning moment M also increases with length L. This means 
that a longer cantilever beam is more prone to deflection than a shorter beam and will 
store more strain energy at a given normal load P. For the razor blade, a larger blade 
angle would effectively translate into a longer “cantilever beam” that potentially store 
more strain energy when deflected under a given normal load than a shorter 
“cantilever beam” found at lower blade angles. 
 
Ideally, an equation for a cantilever plate should be used to describe the deflection of 
the razor blade, but there is no solution to the case seen here, as far as I am aware. 
Deriving a solution for a cantilever plate (e.g. Reissner and Stein, 1951) in this 
particular scenario is far too complex and is out of the scope of this project. Despite 
the approximation, the analysis should be quite similar for both the cantilever beam 




Till now, the explanation is based on the assumption that there is a force acting 
normally to the razor blade during the cutting process. But where exactly does this 
force come from? This force can arise when there is a difference in the tension 
between the stretched specimen parts on either side of the blade during cutting. This 
difference in tension can be caused by an off-centre blade (i.e. the cutting edge is not 
exactly in the centre of the gap), or by a specimen that is very non-uniform in its 
Young’s modulus. 
 
In the ideal case, the blade should be positioned in the dead centre of the gap so that 
the descending blade will stretch the specimen equally on both sides of the blade. 
However in practical terms, this is very difficult to achieve (at least with the present 
setup), with the blade usually positioned off-centre slightly by 0.1–0.3 mm (see 
section 3.2.3.3). When the blade descends and presses against the specimen, tension is 
set up within the two parts of the specimen on either side of the blade. If the two parts 
are of different length, each part will be stretched by a different amount, with a 
correspondingly different tension in each part. This will result in unbalanced 
horizontal forces acting on the left and right of the blade. The resultant sideway force 
could deflect the blade towards one side, storing strain energy within it and giving rise 
to erroneously higher toughness values. 
 
The presence of this sideway force can be shown mathematically using a simplified 
model, described in Appendix D. Analysis of the model suggest that the magnitude of  
this sideway force is very dependent on the Young’s modulus E of the specimen. A 
stiff (high E) material would thus produce a higher sideway force under any given set 
of conditions. Analysis also shows that this sideway force can be reduced by a smaller 
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off-centre error, and to a smaller extent by a larger gap width, but the effects are 
minor compared to the effect of the Young’s modulus E on the magnitude of this 
sideway force. 
 
Table 4-3 gives some values of the Young’s modulus of PET plastic, various papers 
and soft biological materials reported in literature. As can be seen, Young’s modulus 
of PET plastic and papers are much larger than those of soft biological materials. The 
impact of an off-centre blade would thus be significantly lesser for soft biological 
materials than the test materials (PET plastic and A4 copier paper) used in the 
experiments. Nevertheless, the results obtained with PET plastic and A4 copier paper 
had provided useful clues on the behaviour of the SBCM under extreme conditions, 
and it seems best that small blade angles are used whenever possible to keep to a 
minimum, work extraneous to cutting, if the blade was mounted using the current 
technique. 
 
It must be cautioned here that very small blade angles (<20°) may not be advisable 
even though the stiffness of the blade can be increased to keep blade deflection low. It 
can be clearly observed in Figures 4.1 and 4.2 that a smaller blade angle requires a 
higher force to initiate cutting. With some tough materials like PET plastic, the 
specimen may undergo bulk plastic deformation way before failure occurs at the 
blade’s edge, expending large amounts of energy extraneous to cutting (PET plastic 
cannot be cut at 15° or lower without yielding plastically). This tends to inflate 
toughness results, which is undesirable. Additionally, owing to the fact that smaller 
blade angles will cut more material at any one time, it would be difficult to attribute 
parts of the F-D curves to the various structures that were cut. The “resolution” of the 
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cut would thus decrease, but this is of no real loss unless the toughness of the 
individual components within the specimen is in question. In that case, it would 
actually be better to excise and test the individual components separately. Attempting 
to use parts of the F-D curves directly to deduce the toughness of individual 
components in a specimen would be foolhardy, because a number of components 
could be cut at any instant and their relative contribution to the F-D curve cannot be 
separated easily. In addition, it is simply impossible to deduce how much of the F-D 
curve is attributed to the storage of strain energy in the specimen at any instant. All 
these point to the futility of such a course of action. 
 
From the results, it is recommended that a blade angle of 20° be used for the SBCM 
experiments. At 20°, the blade angle is small enough to keep blade deflection low 
while large enough not to require too high a force to initiate cutting. Moreover, gap 
width does not seem to have any significant effect on the results at that angle. Any 
gap width, from 9–15 mm, seems to do fine although a gap width of 12 mm seems to 
produce the best results (with the lowest dispersion) based on results shown in Figures 
4.1 and 4.2. With this in mind, all subsequent tests were conducted at the optimal 
blade angle of 20° and a gap width of 12 mm, unless otherwise stated. 
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Table 4-3 Young’s modulus of PET, various papers and biological materials. 
Material E (MPa) Remarks Reference 
PET 2900 – Li et al. (2002) 
PET 2300 Film Nishino et al. (2000) 
PET 2000 Amorphous PET Göschel and Nitzsche (1985) 
Cartoncio paper 
 
1950 0.205 mm, 107 gsm 
Cross-machine direction 




1900 0.34 mm thick, 210 gsm 
Cross-machine direction 
Balankin et al. (2000b) 
 
Couche paper 1550 0.105 mm, 56 gsm 
Cross-machine direction 




797 0.25 mm thick, 110 gsm 
Cross-machine direction 
Balankin et al. (2000b) 
 
Whatman No. 1 
filter paper 
660 50–60% relative humidity Chen and Hurtubise (1995) 
Calophyllum 
inophyllum leaf 
49.8 Load direction normal to 
secondary veins. 
Lucas et al. (1991) 
Calophyllum 
inophyllum leaf 
186.4 Load direction parallel to 
secondary veins. 
Lucas et al. (1991) 
Lolium perenne 
leaf 





554 Load direction parallel to 
secondary veins. 
Vincent (1982) 
Iris leaf 110–410 Load direction parallel to 
secondary veins. 
Gibson et al. (1988) 
Rat skin 1.6 Freshly excised skin from 
newborn rats 
Guan et al. (2004) 
Chicken skin 1.28 Skin excised from fresh 
chicken breasts. 






4.2 Comparing the SBCM with the Scissoring Method 
 
4.2.1 Evaluation of Modified Scissoring Procedures 
 
Results obtained using the modified scissoring procedure described in section 3.3.2.2 
(denoted as “Corrected”) and the conventional scissoring procedure described by 
Lucas and Pereira (1990) (denoted as “Uncorrected”), are presented in Figures 4.11 
and 4.12, for non-biological and biological specimens, respectively. 
 
Toughness values obtained using the modified scissoring procedure were consistently 
lower than those obtained by the conventional procedure for both non-biological and 
biological specimens, by around 2–4% for non-biological specimens and about 5.5–
17% for biological specimens. The dispersion in the data was also generally lower for 
the results obtained via the modified procedure. Statistical analysis for both non-
biological and biological specimens indicated that toughness is significantly different 
(p<0.001, Wilcoxon Signed Rank Test) between the modified and the conventional 
scissoring procedures. 
 
Loosening the scissors’ joint did greatly reduce the device friction (before any cutting 
is done) to 0.1–0.25 N, producing a smoothly sloping F-D graph (see Figures 4.13–
4.16) that is almost devoid of the fluctuations commonly observed in other scissoring 
experiments (Lucas and Pereira, 1990; Lucas et al., 1991; Choong et al., 1992; Pereira 
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Figure 4.11.  Box and whiskers plots for corrected and uncorrected scissoring results 
using non-biological specimens. The upper and lower limits of each box represent the 
75th and 25th percentile respectively, with the horizontal line in the box being the 
median. Ends of the blue whiskers denote the maximum and minimum values of the 
data set. The mean is indicated by a black diamond (♦). Red error bars represent the 


































































































Figure 4.12.  Box and whiskers plots for corrected and uncorrected scissoring results 
using various leaf specimens cut parallel to the secondary veins. The upper and lower 
limits of each box represent the 75th and 25th percentile respectively, with the 
horizontal line in the box being the median. Ends of the blue whiskers denote the 
maximum and minimum values of the data set. The mean is indicated by a black 
diamond (♦). Red error bars represent 95% confidence interval of the mean. 
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It was noticed that the measurement of device friction after a cut, in the fourth 
scissoring pass (as described in section 3.3.2.2), tends to give rather unpredictable 
results for biological specimens. The F-D curve obtained in the fourth pass can 
sometimes exceed that obtained during the third scissoring pass (Figures 4.13–4.16), 
which is not supposed to be the case, given that the third pass is actually measuring 
device friction in addition to the force required to bend the specimen. This results in 
negative or very small values when the work done in bending the specimen is 
calculated as the difference in the area between the third and fourth passes using the 
work-area method. This is clearly erroneous. The way around this situation would be 
to utilize only those parts of the F-D graph where the difference between the third 
pass and the fourth pass is positive. This undoubtedly underestimates the work done 
in bending, and hence, the toughness values of biological specimens are actually 
slightly inflated.  
 
It was also noticed that the device friction can change appreciably after cutting a piece 
of leaf lamina. F-D graphs generated in the fourth scissoring pass (after cutting) are 
almost always higher than those generated in the first pass (before cutting), as can be 
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Figure 4.16.  F-D curves of the various scissoring passes when cutting the lamina of 
Adinandra dumosa. 
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The modified scissoring procedure demonstrates the ability to correct for the 
extraneous energy expended in bending the specimen during cutting. However, the 
modified procedure had better success with non-biological specimens compared to 
biological specimens because the fourth scissoring pass performs closer to 
expectations. Non-biological specimens are “cleaner” and produce less micro-
fragments that adhere to the scissors’ blades as compared to biological specimens. 
Examination of the scissors’ blades under a stereozoom microscope after cutting a 
piece of leaf revealed the obvious presence of plant residues, probably cell wall 
fragments, on the cutting edges of the blades (see Figure 4.17). The residues get 
caught in between the scissors’ blades during closure, producing large amounts of 
friction, especially when the residues had dried out and adhered firmly to the blades. 
This is in line with what was previously documented in section 1.3.3, which showed 
that device friction can change noticeably after cutting a piece of biological specimen. 
In addition, some residue was observed to be loosened and shifted around by the 
scissors’ blades during repeated closures, when viewed under a microscope. This will 
undoubtedly result in changes in the friction profile of the scissors and reducing the 
reliability of the data collected. This explains why the modified procedure only has 






Figure 4.17.  Plant residues 
(light-coloured material inside red 
oval) were seen to adhere to the 
cutting edges of the scissors’ 
blade (20× magnification). 
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Despite the underestimation of the work done in bending the specimens during cutting, 
toughness of the sampled biological materials was still around 5.5–17% less when 
compared to the conventional procedure, as opposed to around 2–4% for the tougher 
non-biological specimens. This indicated that the energy expended in overcoming the 
bending resistance can be quite significant for specimens with low toughness, and 
should be properly accounted for instead of being ignored, as in some reports (e.g. 
Choong, 1996; Darvell et al., 1996; Aranwela et al., 1999; Edwards et al., 2000; Read 
and Sanson, 2003). However, attempts to do this using the modified scissoring 
procedure were not totally successful. Since the fourth scissoring pass was 
complicated by residues on the scissors’ blades, the alternative solution is to assume 
that the device friction is unaltered after a cut, and revise the modified scissoring 
procedure to: 
 
1. Perform a first pass to measure the work of device friction (W1). 
2. Perform a second pass to cut the specimen and measuring the work input (W2). 
3. Perform a third pass to measure the work of device friction with the specimen 
still in place (W3). 
 
The net work (Wnet) in cutting would then be calculated as follows: 
 
Wnet = (W2 – W1) – (W3 – W1).   (5) 
 
It should be taken note here that it is still unknown whether the first or fourth 
scissoring pass is more representative of the device friction during the third scissoring 
pass. If the device friction during the third scissoring pass is higher than that 
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suggested by the first pass, then the alternative procedure suggested above will 
probably overestimate the work expended in bending the specimen, and lead to an 
underestimation of toughness. More work is required before any conclusion can be 
drawn regarding the best way to conduct scissoring tests. 
 
4.2.2 Non-Biological Specimens 
 
Toughness values obtained for non-biological specimens using scissoring and the 
SBCM are shown in Figure 4.18 and Table 4-4. The results were found to be 
significantly different for both methods (p<0.001, Mann-Whitney Test). The SBCM 
consistently produce results that were around 60% lower than that produced by 
scissoring. The standard deviation in the results was also remarkably lower for the 
SBCM than for scissoring. 
 
The large but consistent difference in the toughness values cannot be attributed to the 
higher device friction of the scissors or to the underestimation of the bending energy 
involved during scissoring. The specimens were obtained and prepared from the exact 
same source so batch differences cannot be the reason. The most probable reason for 
























Figure 4.18.  Toughness values of various non-biological specimens obtained from 




Table 4-4 Toughness values (in Jm-2) of various non-biological specimens obtained 
from scissoring and the SBCM. Standard deviation and sample size are enclosed in 
round brackets ( ) and square brackets [ ], respectively. 
 
    Method 
Material 

















There are various reports that suggest blade sharpness is one of the important factors 
influencing toughness tests that involve cutting devices. Cutting devices that are blunt 
tend to elevate the cutting force required, leading to greater energy expenditure and 
consequently, higher “toughness” of the material being cut. This had been reported by 
Lake and Yeoh (1978) in their rubber-cutting experiments, where they found that 
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blunt blades resulted in cutting forces high enough to cause buckling of their test 
piece, rendering their cutting method unusable. Similarly, Sheikh-Ahmad and 
Mckenzie (1997) reported that wear on cutting tools led to an increase in feed force 
and surface damage in wood cutting operations. Arcona and Dow (1996) and Meehan 
et al. (1999) too reported in their PET plastic slitting experiments using razor blades 
and scissors respectively, that the cutting force increased when the blade’s radius of 
curvature was increased. Doran et al. (2004), using a cutting method similar to the 
SBCM (but which cuts in a horizontal manner as opposed to the vertical manner in 
the SBCM), reported that the force necessary to cut chicken skin increased from 
approximately 1 N for sharp blades to about 3.5 N for blunt blades. The “toughness” 
for chicken skin correspondingly increased 230% from an average of 2323 Jm-2 to 
7658 Jm-2! Scissoring experiments by Darvell et al. (1996) using three different 
brands of scissors with different degrees of sharpness showed that the bluntest pair of 
scissors gives the greatest work to fracture. Shearing experiments conducted by 
Aranwela et al. (1999) also showed that blunt blades give toughness values that are 
about 44% higher than for sharp blades. All these reports agree well with the common 
observations that a sharp tool cuts far more easily than a blunt one. Tools that are 
sharp deliver cutting stresses that are highly localized, reducing damage to the test 
piece (Sheikh-Ahmad and McKenzie, 1997), thus lowering the energy required for 
separation. Certain toughening mechanisms in the test piece can also be circumvented 
by the sharp crack front running in front of sharp tools (Pereira et al., 1997; P.W. 




The radius of curvature (sharpness) of the Dovo-brand scissors used in this study had 
been quoted as 1.6 µm in several reports (Choong 1996; Darvell et al., 1996; Pereira 
et al., 1997) even though it is highly unlikely that they used the same pair of scissors. 
My observations of a brand-new pair of Dovo-brand scissors under a stereozoom 
microscope found that the blades were manually sharpened and the condition of the 
cutting edges was non-uniform. Blade sharpness is not likely to be uniform 
throughout the length of the blades of one pair of scissors, and also across different 
pairs of scissors, if the blades are manually sharpened. This perhaps explains why 
Pereira et al. (1997) obtained a toughness of 3119 Jm-2 for No. 542 filter paper 
(Whatman, UK) compared to 2170.1 Jm-2 obtained in this study, even though the 
exact same brand and model of scissors was used. However, for ease of comparison, 
the sharpness of the scissors used in this study was assumed to be of the same order of 
magnitude as given in the literature. The radius of curvature of the razor blades used 
in this study however, was found to be around 0.33 µm (described in the later section 
of 4.3), which was about 4.8 times sharper. This explains the much lower toughness 
values obtained with razor blades, consistent with the various literature reports. 
 
The dispersion of the data was also remarkably low for the SBCM, at 1.4–3.9% 
versus 4.4–8.8% for scissoring. This is consistent with the report by Lake and Yeoh 
(1978) where they found the reproducibility of cutting measurements was within 5% 
when razor blades of identical sharpness were used. The consistency in the sharpness 
of razor blades is likely to be part of the reason, given that such blades were 
precision-ground by machines, as opposed to the manual grinding that was employed 
for the scissors. 
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4.2.3 Biological Specimens 
 
Figure 4.19 shows the results obtained by cutting leaf specimens parallel and 
perpendicular to the secondary veins, respectively, using scissors. Toughness under 
different cutting directions was not significantly different for the six species studied 
(p=0.488, Wilcoxon Signed Rank Test). Observations showed that the number of 
tertiary veins traversed can be slightly different between cuts that were parallel, and 
those that were perpendicular to the secondary veins. This explains the slight but 
insignificant difference in results. The SBCM requires a suitably large specimen strip 
for testing and this can sometimes limit the number of directions possible to direct a 
cut. The results obtained here suggest that the direction of cutting is not really critical, 
as long as the tough structures such as secondary veins and the midrib are excluded 
































Perpendicular to secondary veins
Parallel to secondary veins
 
Figure 4.19.  Comparison of toughness values of laminas from various species using 
different cutting directions. Red error bars represent the 95% confidence interval of 
the mean. 
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Figure 4.20 below shows the results obtained by cutting leaf specimens in the same 
direction for both scissoring and the SBCM. Results obtained by the SBCM are again 
lower than by scissoring, but by around 70–75%. The results were found to be 
significantly different for both methods (p<0.001, Mann-Whitney Test). However, 
results from both methods followed the same trend — the ranking for leaf toughness 
for the various species remained the same in both methods. 
 
As explained earlier on, the great difference in the toughness between both methods 
can be attributed to the difference in blade sharpness. The slightly higher difference in 
toughness values between the two methods for biological specimens (70–75%) as 
compared to non-biological specimens (about 60%), was probably caused by the 
inability of the fourth scissoring pass to accurately reflect device friction after cutting 
the leaves. Scissoring thus gave slightly higher values for the biological specimens, 
resulting in a larger departure from the values obtained by the SBCM. If the error 
caused by the fourth scissoring pass is taken into account, then the SBCM would tend 
to deliver toughness values that are lower than scissoring by a factor of about 1.5. 
 
Leaf toughness of the six species used in this study was also compared with the values 
published by Choong et al. (1992). Leaf toughness obtained by scissoring in this study 
was somewhat similar (but generally lower) to those by Choong et al. (1992) (Table 
4-5). However, the standard deviation in this study was generally much lower. It 
would seem that the scissoring experiments conducted in this study are more suitable 
for comparisons with the SBCM, since they share more similarities in terms of 





































Figure 4.20.  Toughness values of various leaf specimens cut in the same direction 
using scissoring and the SBCM. Red error bars represent the 95% confidence interval 
of the mean. 
 
 
Table 4-5  A comparison of leaf toughness (in Jm-2) of the laminas of six species 
obtained by using the SBCM and scissoring. 
 
                    Testing Method 
 
    Specimen 
SBCM Scissoring Scissoring by 
Choong et al. 
(1992) 
┴ 127.6 (10.6) 405.2 (76.7) - Adinandra 
dumosa ║ - 352.9 (41.2) 423 (148.1) 
┴ 221.9 (13.9) 719.9 (92.2) - Cinnamomum 
iners ║ - 737.4 (76.1) 840 (168) 
┴ 88.6 (8.4) 344.7 (51.9) - Dillenia 
suffruticosa ║ - 329.9 (41.3) 283 (96.2) 
┴ 85.9 (8.5) 286.5 (22.5) - Fagraea 
fragrans ║ - 291.6 (37.0) 466 (144.5) 
┴ 163.3 (15.0) 521.1 (68.7) - Rhodamnia 
cinerea ║ - 610.8 (86.0) 839 (92.3) 
┴ 177.4 (21.3) 593.8 (54.0) - Syzygium 
grande ║ - 504.6 (94.5) 459 (78.0) 
 ┴ — Cut directed in direction perpendicular to the secondary veins. 
 ║ — Cut directed in direction parallel to the secondary veins. 
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4.3 Determining Blade Sharpness 
 
Figures 4.21–22 show some scanning electron microscope images of  the cross-
sections of the blade from its end. Ideally a cross-section of the blade should be made 
somewhere in the middle of the blade to see the working cutting edge, but owing to 
great difficulties in obtaining a cross-section without gross plastic damage (because 
the blade is made from stainless steel), the side of the blade was used instead. 
Although some damage was caused to the blade at this site (where the blade was 
broken from a long continuous blade in the manufacturing plant), it is by far better 
than any other method of cleavage available to me. Because of this, the radius of 
curvature of the blade determined here could actually be an underestimate. 
 
The average radius of curvature of the razor blades used was found to be 0.33 μm 
(N=3, S.D. =0.02), which is about 4.8 times sharper than the scissors’ blades. 
 
 
Figure 4.21.  One of the blades seen at 10000× magnification. The red circle indicates 





Figure 4.22.  One of the blades seen at 15000× magnification. The red circle indicates 
the blade tip where the radius of curvature was determined. The ball-like structures 
seen here were debris (probably dust particles) adhering to the blade. 
 
4.4 Imaging of Fracture Surfaces 
 
The scanning electron microscope images (Figures 4.24–4.33) show the fracture 
surfaces of both biological and non-biological specimens after cutting with a pair of 
scissors and a razor blade (the SBCM). Cuts made using the SBCM tend to be 
smoother and cleaner than the ones made by scissors, with less obvious damage or 
tearing of the cell walls. The difference in the fracture surfaces produced by both 
methods is most obvious in the non-biological specimens, which incidentally, are the 
tougher ones among the various test specimens.  
 
The images obtained here are further evidence that helps to explain the lower 
toughness values obtained using the SBCM as compared to using scissoring. The 
lesser damage caused to the specimen during cutting means less work is expended 
during cutting, a result that directly led to a smaller (and probably more accurate) 
toughness value. 
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4.4.1 Fracture Surfaces of Non-Biological Specimens 
 
Figures 4.24–4.27 show the fracture surfaces of various non-biological specimens 
after cutting with either scissors or a razor blade. Specimens cut by a razor blade have 
flat, smooth fracture surfaces whereas specimens cut by scissors have fracture 
surfaces that seem to bevel towards the centre. All the specimens cut by scissors 
exhibited a rough zone near the centre of the specimen’s thickness, but this was not 
observed in specimens cut using the SBCM.  
 
The slicing action of the inclined sharp razor blade seems to produce very little 
damage to the specimens. In the two papers tested, the lumina of the fibres were still 
fairly visible after cutting using the SBCM, but they were not visible after cutting 
with scissors, with the ends of the fibres looking “smeared”, suggesting of specimen 
compression owing to the wedging action of the scissors’ blades. For specimens cut 
with scissors, the separation was not very clean near the centre of the specimens 
where tearing was quite evident. This rough zone is probably caused by the tiny gap 
between the scissors’ blades as they moved past each other during closure. The 
beveled fracture surfaces produced by scissors (also observed in the cutting of wood 
by Lucas et al. (1997) and the cutting of PET plastic by Arcona and Dow (1996)) 




Figure 4.23.  Cutting process of scissors. A) The opposing scissors’ blades grip the 
specimen, B) indent into it and C) cut into it via a wedging action. D) The angled part 
of the scissors’ blades may permanently deform the fracture surface to produce a 
bevel. Diagram not drawn to scale. 
 
Figure 4.24.  Fracture surfaces of PET plastic. A) The SBCM produced a smoothly-
cut fracture surface. Some very faint striations were seen. Some debris had adhered to 
the cut surfaces. B) Scissors produced a slightly-beveled fracture surface. Striations 
on the fracture surface as well as tearing (arrowed) are quite obvious here. 
 
Figure 4.25.  Fracture surfaces of A4 copier paper. A) The SBCM produced a 
smoothly-cut fracture surface. B) Scissors produced a beveled fracture surface. Some 
signs of tearing (arrowed) was seen near the mid-plane region of the specimen. 








Figure 4.26.  Fracture surfaces of No. 542 filter paper. A) The SBCM produced a 
smoothly-cut fracture surface. B) Scissors produced a beveled fracture surface. Some 




Figure 4.27.  Magnified portion of the central rough zone in Figure 4.22B which 




4.4.2 Fracture Surfaces of Biological Specimens 
 
Figures 4.28–4.33 show the fracture surfaces of various biological specimens after 
cutting with either the scissors or a razor blade. Similar to the non-biological 
specimens, cuts made using the SBCM tends to produce less specimen damage, with 
clean cuts and no visible tearing, as well as flat fracture surfaces. The various 
components of the leaf (i.e. palisade mesophyll cells, spongy mesophyll cells, fibres 
of the vascular bundle sheath etc.) were cleanly cut and clearly distinguishable. Cuts 
made by scissoring on the other hand, tend to crush and/or tear cell walls. Unlike non-
biological specimens, scissoring does not result in any obvious beveled fracture 
surfaces in leaf specimens. In some specimens, cuts are less clean near the mid-plane 
region of the specimen (Figures 4.28, 4.30 and 4.33) or where vascular bundles cross 
the fracture surface (Figures 4.29, 4.32 and 4.33). As laminas are more brittle than the 
non-biological specimens used in this study, the wedging action of the scissors blades 
may have created a running crack tip in front of each blade, propagating a Mode I 
fracture. It could thus be possible that these rough regions signify where the cracks 





Figure 4.28.  Fracture surfaces of Adinandra dumosa lamina produced by A) the 
SBCM and B) scissoring. All the lamina’s cells were cleanly cut by the SBCM but 
some crushing and tearing of cells (arrowed) near the mid-plane region are seen for 





Figure 4.29.  Fracture surfaces of Cinnamomum iners lamina produced by A) the 
SBCM and B) scissoring. All the lamina’s cells were cleanly cut by the SBCM but 
scissoring produced some tearing and crushing (arrowed) at the ends of the cut 







Figure 4.30.  Fracture surfaces of Dillenia suffruticosa lamina produced by A) the 
SBCM and B) scissoring. All the lamina’s cells were cleanly cut by the SBCM but 
some tearing near the middle and upper portion of the lamina is seen for the cut made 
by scissoring (arrowed). Individual palisade cells are still clearly distinguishable in A) 





Figure 4.31.  Fracture surfaces of Fagraea fragrans lamina produced by A) the 







Figure 4.32.  Fracture surfaces of Rhodamnia cinerea lamina produced by A) the 
SBCM and B) scissoring. All the lamina’s cells were cleanly cut by the SBCM but 
scissoring produced some tearing of cell walls at the ends of the cut fibre cells of the 
vascular bundle sheath (arrowed). Smeared liquid in both surfaces are the secretions 





Figure 4.33.  Fracture surfaces of Syzygium grande lamina produced by A) the 
SBCM and B) scissoring. All the lamina’s cells were cleanly cut by the SBCM but 
scissoring produced some tearing and crushing at the fibres of the vascular bundle 
sheath and mesophyll chlorenchyma cells near the mid-plane region of the lamina 
(arrowed). Individual palisade cells are still clearly distinguishable in A) but are 







The use of the single inclined razor blade in the Single Blade Cutting Method (SBCM) 
to perform fracture toughness tests for biological specimens, has been shown to be 
successful. The method managed to overcome limitations that beset current fracture 
toughness measuring methods for biological materials, most notably, high device 
friction. Comparing the SBCM with a modified method of scissoring based on that of 
Lucas and Pereira (1990), using both biological and non-biological specimens, 
showed that the SBCM tends to deliver results that are about 1.5 times lower than 
scissoring. This is attributed to the razor blade being sharper than the scissors’ blades. 
The SBCM results also showed less variation and was therefore more precise than 
scissoring. The SBCM is thus a promising alternative testing method for measuring 
fracture toughness. 
 
5.1 Advantages of the SBCM 
 
The advantages of the SBCM are: 
 
1. Inherently low device friction because it uses a single blade. 
2. Strain energy stored in the specimen at the end of a cutting experiment can be 
easily accounted for. 
3. The method is quite immune to the presence of debris on the cutting surfaces 
(within the limits of detection), owing to: 
a.  The self-cleaning properties of the blade (see Section 2.4.2). 
b. The inherently low friction between the blade and the specimen. 
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4. The use of relatively cheap disposable razor blades, that do not require 
maintenance. 
5. A clean flat cut with minimal damage to the specimen can be achieved. This 
ensures a minimal expenditure of energy extraneous to cutting. 
6. The method can deliver more precise measurements because there is less 
variation in the results for similar specimens. 
 
5.2 Disadvantages of the SBCM 
 
Despite its various advantages and benefits, the SBCM also has its disadvantages: 
 
1. The test results may be sensitive to how the blade is mounted and positioned. 
2. The method is slightly more complicated in operation compared to other 
methods. 
3. The SBCM is not very suitable for testing hard and thick specimens. 
4. The specimens used should ideally be stiff enough to not bend under their own 
weight when placed over the gap between supports (although the gap width 
can be adjusted to compensate for this). 
5. The specimens are best 9 mm or more long, 10 mm or more wide, with a 
thickness less than 10% of the gap width. 
6. Uniformly sharp blades should be used for best precision. 
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5.3 Recommendations for Future Work 
 
A problem confronting the SBCM is the difficulty involved in mounting the blade 
exactly at the centre of the gap between the supports. The use of specially-made jigs 
did improve the situation as compared to simple visual estimation. However, the 
correct alignment of the jigs to ensure the correct positioning of the blade is not easy 
to achieve and considerable practice is needed. A more convenient procedure to 
mount the blade centrally would provide substantial savings in the time spent and 
should definitely be considered. 
 
A better way to attach the razor blade to the load cell can also be developed. The 
current technique of clamping the razor blade in a mini G-clamp does not confer great 
stiffness or stability to the razor blade. Tensioning the razor blade (like the blade in a 
hack saw) would definitely give it much greater stiffness and at the same time 
minimising the amount of blade flexing that is currently observed at larger blade 
angles. This would allow the use of larger blade angles that is not feasible at present. 
The use of larger blade angles has definite benefits — a smaller peak cutting force 
without initial unstable cracking (seen for PET plastic at 20–25° blade angle), and 
greater ease in interpreting the force-displacement graphs with respect to the 
structures cut. 
 
The third area that could be explored would be to investigate the dependency between 
apparent toughness and the sharpness of the blades used. At present, the relationship 
between the two is still unclear, and the SBCM seems promising in finding the 
answers, owing to low device friction and the use of just one blade (two-bladed tests 
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can complicate matters by introducing other effects because cutting is a synergistic 
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Appendix A. Retrofitting and Modifications Made to the 
HKU Tester 
 
A.1 The HKU Tester 
 
The original mechanical testing equipment was a portable universal testing machine 
as described by Darvell et al. (1996), and manufactured by the Dental Science 
workshop of the University of Hong Kong (Figure A.1). This tester, being designed 
for portability, was not equipped with an attached electric drive for moving the 
crosshead, unlike other conventional testing machines. Instead, it was hand-driven, 
whereby a series of gears converted the rotary motion of a hand crank to a 
corresponding linear motion of the crosshead. 
 
Raw data (in the form of analogue signals) obtained during testing were fed into an 
electronics box where it was processed and converted to digital form. The processed 
digital data were subsequently cabled into a laptop computer (Compaq NX9000, 
Hewlett- Packard, USA) via a PCIMIA data acquisition card (6062E, National 
Instruments, USA), where they were further processed and displayed using LabView 
7.0 (National Instruments, USA). 
 
The HKU tester, despite being a simple machine, was successfully employed in many 
field expeditions around the world (Lucas et. al., 1998; Becker et. al., 2000; Lucas et. 
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al., 2000; Dominy and Lucas, 2001; Dominy et. al., 2003; Wright, 2005; Teaford et. 
al., 2006). However, the very nature of its simple design resulted in several 
inadequacies that limited its accuracy and usefulness. To overcome some of these 
inadequacies, the author modified several parts of the tester to improve its 
performance and functionalities as described below. 
 
Figure A.1. The original HKU tester with its various accessories (Image courtesy of 
P.W. Lucas). 
 
A.2 Retrofitting and Modifications 
 
The following retrofitting and replacement of worn parts and modifications were 
carried out on the tester. 
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A.2.1 Retrofitting #1: Reduction of the clearance in the gear systems. 
 
Reason for retrofitting: 
Inspection of the HKU tester revealed that there was quite a large amount of ‘play’ 
between the gear teeth of two helical gears within the gear system. These two gears 
were responsible for converting the rotary motion of the hand-crank in one plane into 
the rotary motion of the lead screw in another plane (Figure A.2). The large clearance 
between the gears would mean that the drive gear would have to move a certain 
distance before its gear teeth can engage the teeth of the slave gear, and actually start 
to turn it. This ‘play’ between the gears is commonly known as backlash.  
 
The effect of backlash is a lag in motion between the drive and slave gears, and 
inaccuracies in displacement measurements, especially when bi-directional motion is 
involved. In the HKU tester, the rotary encoder (an electronic device used for 
measuring angular position) was connected to the driving gear, thus any loss in 
motion between the drive gear and the slave gear (which drives the lead screw) is not 
detected and compensated. Early investigations conducted by the author revealed that 
this backlash could amount to a difference of 150 μm between the theoretical 
displacement* of the crosshead and the displacement reported by the tester using the 
rotary encoder. 
 
(*The theoretical displacement of the crosshead is calculated by multiplying the pitch 
of the screw lead by the number of revolutions. However, since no screw is perfect, 
the variations in pitch along a screw will result in a difference between the theoretical 




Figure A.2. Conversion of rotary motion in one plane to another in the HKU tester. 
 
Measures implemented: 
The relative position of the gears and the lead screw of the tester were adjusted within 
the limits of the tester’s design, in order to reduce the clearance between the gears. It 
was however impossible to remove the backlash entirely. Ideally, the encoder should 
be directly connected to the lead screw, but this cannot be done without major 
modifications to the tester. 
 
Results: 
The reduced gear clearance resulted in a smaller discrepancy (approximately 30–50 
μm) between the theoretical displacement of the crosshead and the displacement 












Encoder is mated 
to drive gear 
through an axle 
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A.2.2 Retrofitting #2: Refurbishment of crosshead 
 
Reason for retrofitting: 
The original tester, including the crosshead, was constructed primarily from 
aluminum to reduce the overall weight of the tester. However, aluminum being a soft 
metal, wears out rather fast when it is in moving contact with a hard metal like steel. 
After some usage, it was found that the steel lead screw of the tester had worn out the 
aluminum screw threads in the crosshead, resulting in a wobbly crosshead that is no 
longer stiff axially. Such a situation could lead to inaccuracies in load measurements, 
because energy could be stored in the wobbly crosshead instead of being transferred 
to the specimen. The accuracy of displacement measurements could also be affected 
by the ‘play’ between the crosshead’s female thread and the lead screw’s male thread, 
resulting in uncertainty of the actual crosshead’s position. 
 
Measures implemented: 
A small bronze block with matching screw threads was attached to the aluminum 
crosshead by bolts, such that their respective female threads are in line with one 







Figure A.3. A small bronze 
block with matching screw 






The newly-cut screw threads of the bronze block stabilized the crosshead, making it 
much less wobbly than before. The accuracy of load and displacement measurements 
was hence enhanced. 
 
A.2.3 Retrofitting #3: Replacement of linear shafts and bushings. 
 
Reason for retrofitting: 
The accuracy of linear motion depends heavily on the straightness and parallelism of 
the driving and guiding elements (ball/lead screw and linear shafts respectively). The 
original linear shafts used in the tester were not very straight, and the type of bushing 
used for the shafts was inappropriate for linear motion. The clearance between the 
linear shafts and their bushing were also too large, such that the crosshead was neither 
supported adequately, nor guided smoothly and accurately. The considerable friction 
between the shafts and their bushings had also resulted in mutual wear that in turn 
destabilizes the crosshead. 
 
Measures implemented: 
The old linear shafts and bronze bushings were replaced with precision linear shafts 
(SF13-200L, Samick Precision Ind. Co. Ltd., Korea) and proper bushings (LHFS13, 





The motion of the crosshead was improved. The crosshead now moved smoothly 
rather than jerkily (owing to high friction and stick-slip between the old shafts and 
bushings). The crosshead was also better supported and guided by the new linear 







Figure A.4. The old shafts and 
bushings were replaced with precision-
made ones designed for linear motion. 
 
A.2.4 Modification #1: Extending the stroke length of the crosshead 
 
Reason for modification: 
The stroke length (or usable traversing distance) of the crosshead in the original tester 
was rather short (approximately 15 cm) when no attachments were added to the 
crosshead and the base plate of the tester. When attachments were used for various 
types of tests, the lower part of the lead screw became inaccessible for crosshead 
travel, because of obstruction from the attachments. The stroke length can thus be 
reduced to just a few centimeters, which is insufficient for many situations. 
 
Measures implemented: 
Since it is very difficult to remove the lead screw from the tester, it is not an option to 




solution is to raise the height of the entire measuring column (consisting of one lead 
screw and two linear shafts) by adding a block beneath (Figure A.5). This allowed the 
lower part of the lead screw to become available for crosshead travel, even when 








Figure A.5. The placement of a 
stroke-extension block beneath 
the measuring column allowed 
the lower portion of the lead 




The addition of the stroke-extension block increased the available stroke by 4 cm, 
which is sufficient for most applications. 
 
A.2.5 Modification #2: Extension of the tester’s throat-depth 
 
Reason for modification: 
The throat-depth (distance between load cell and the measuring column) of the 
original tester was rather small (about 1.5 cm), which precluded the use of larger 





A 4 centimeters 






A throat-depth extension block that could be mated to the tester’s crosshead was 






Figure A.6. The throat-depth of 
the tester was extended by 6 cm 





The extension block allowed the load cell to be relocated 6 cm away from its original 
position at the crosshead. This larger distance between the load cell and the measuring 
column created more space available to mount larger attachments. 
 
A.2.6 Modification #3: Increasing the available working space 
 
Reason for modification: 
The working space available to perform a test is dependent upon the size of the 
tester’s base plate. The base plate of the original tester was not very large because the 
original attachments that came with the tester were all very small and could fit within 
the available space. However, larger custom attachments for specialized tests have 
difficulty fitting into the limited working space so modification was needed. 
Throat-depth 
extension block 






A piece of aluminum plate was fabricated and attached to the base plate of the tester 
using L-shaped brackets and socket head cap screws (Figure A.7). The thickness of 
the extension plate was machined to match the thickness of the tester’s base plate, so 
that attachments that straddled across the base plate and the extension plate would be 










Figure A.7. Addition of a work-
area extension plate greatly 
increased the amount of space 
available to mount attachments. 
 
Results: 
The increased basal work area, in conjunction with the extended throat-depth, now 
enabled the use of larger custom attachments. 
 
A.2.7 Modification #4: Electric drive for constant crosshead speed 
 
Reason for modification: 
There have been reports indicating that the results obtained from mechanical tests 
were dependent on the rate of loading (Kobayashi and Thomsen, 1959; Lake and 
Yeoh, 1978; Oates et. al., 1993; Bertholet et. al., 2003). Atkins and Mai (1985) 
recommended that when determining toughness, the speed of loading should be an 





loading speed if the crosshead is hand-driven using a hand crank. In order to eliminate 
uncertainties owing to variations in speed of loading, an electrical driving mechanism 
would be desirable. 
 
Measures implemented: 
A 12V geared d.c. motor (IG33, Trident, United Kingdom) was purchased and 
mounted on top of the HKU tester (Figure A.8). The hand crank was removed and a 
pulley for a polyurethane round belt was attached in its place. A matching pulley was 
attached to the axle of the motor and the two pulleys were then connected with a tight-








Figure A.8. The geared d.c. motor mounted 
on top of the tester’s mechanical frame. The 
speed of driving the crosshead could be 




A motor control circuit for driving the motor (Figure A.9) was constructed with the 
help of Terence Teo Ling Kai., a 3rd year Electrical Engineering student from the 
Faculty of Engineering, National University of Singapore. The motor control circuit 
featured a feedback control which kept the motor running at a constant speed even 
under variable loading conditions. The speed of the motor could be adjusted by 
changing the resistance of a variable resistor on the control circuit. Specific details of 
the control circuit and its operation are in Appendix B. 
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It was later discovered that the operation of the d.c. motor created electrical 
interference that affected the normal operation of the tester’s electronics box. The 
cause was found to be electrical noise emitted during motor commutation, which then 
affected the downstream electronics via 1) conduction through electrical cables and 2) 
transmission through electromagnetic waves. This electrical noise had a severely 
detrimental effect on the analog signals generated by the load cell, and in several 
instances, caused data collection to halt abnormally. 
 
In order to rectify this interference problem, several approaches were adopted. To 
combat conducted electrical noise, ferrite beads (also known as electrical chokes) 
were used to filter out high-frequency noise in the electrical cables. These chokes 
were placed on all the data cables leading in and out of the tester’s electronics box, as 
well as the power cables of the motor, to reduce the amount of conducted noise 
present in the system. The immunity to transmitted noise was also increased by 
ensuring all data cables were electrically shielded (non-shielded ones were changed) 
and suitably grounded. The tester’s electronic box was also wrapped up in layers of 









Figure A.9. The motor control 
unit. The black rocking switch 
on the left controls the direction 
of the crosshead movement. The 
big black knob near the top 









Figure A.10. Seen here is the 
tester’s electronics box wrapped 
in aluminum foil. This acted as a 
Faraday’s cage that excludes 





The addition of an electric drive allowed constant-speed testing that was not possible 
previously. Although the use of the d.c. motor created interference problems, the 
counter-measures worked satisfactorily. Electrical noise from the motor was 
effectively reduced such that the background noise level was the same irregardless of 
whether the motor was in operation or not. In fact, the present background noise 
levels were even lower than pre-modification levels! 
 
A.2.8 Modification #5: Extending Data Collection Beyond Stop Point 
 
Reason for modification: 
The original tester was designed to collect data only within the positional limits 
(START and STOP positions) set by the user prior to a test. This worked well with 
the manual driving system because the user can carefully move the crosshead in small 
increments as it approaches the STOP position, ensuring it does not go beyond the set 
position. With the adoption of an electric driving system, this kind of system no 
longer works well. This is because the motor control circuit controls the on and off 
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state of the motor by listening for a 5V pulse signal emitted by the tester when the 
START and STOP positions are reached (for details please see Appendix B). Upon 
detection of this signal, the motor control circuit will switch off the power to the 
motor. However, owing to the momentum of the motor axle, the motor cannot stop 
immediately upon power cutoff at the STOP position — it will still continue to turn 
for a short while, moving the crosshead about 10 μm past the STOP position. The 
load and displacement data for these approximately 10 μm of crosshead travel are not 
captured by the system, and this represents a loss of important data. Thus, a way to 
modify the system to collect these otherwise lost data must be sought after. 
 
Measures implemented: 
Mr. P.K.D. Lee (Dental Materials Science Unit, University of Hong Kong), the 
engineer who designed the electrical system of the HKU tester, was consulted 
regarding this problem. After looking through the circuit diagrams, Mr. Lee 
professionally provided detailed instructions on the steps necessary to modify the 
system to continue data collection even after the STOP position is reached. The steps 
that were taken to modify the system are detailed below. 
 
1. The front panel of the tester’s electronics box was removed by unscrewing the 
four screws that secured it to the box. 
2. IC 31 was located on the right hand side of the analogue printed circuit board 
(see Figure A.11). 
3. Pin 10 and Pin 11 of IC 31 were electrically joined by connecting them with 
solder. 
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4. A Molex plug on the same printed circuit board was located (see figure A.11) 
and Pin 4 of the plug was removed/disconnected. 
5. The electronics box was then reassembled. 
 
Results: 
The simple modification performed on the electronics box enabled data collection 
beyond the STOP position, ensuring no valuable data was lost. However, according to 
Mr. P.K.D. Lee, this modification should only be used in conjunction with a laptop 
computer for data collection. The hardware integration of force-displacement data 
(without using a laptop computer), one of the original functions of the electronics box, 
may no longer be functioning correctly. This is however, not a great concern because 
that function is no longer used. Moreover, data collection and software integration 
using a laptop computer is far superior in terms of accuracy and ease of usage. All in 
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Appendix B. Motor Control Circuit Used in the Upgraded 
Fracture Toughness Tester 
 
Below are the details of the motor control circuit constructed by Mr. Terence Teo 
Ling Kai, as part of his internship program. The following text is extracted from his 
internship report with his express permission. 
 
B.1 Description of Internship Project 
 
This project is based on a constant speed motor control circuit which has been taken 
from Electronic Design, as shown in figure 1. This circuit can be explained 
graphically by figure 2. A more detailed description of the workings of the circuit is 
as follows: 
 
• The voltage across the motor is measured and inverted by difference amplifier 12. 
• An integrating amplifier 11 measures the voltage drop within the motor due to its 
internal resistance. This is achieved by measuring the voltage drop across a 
resistor which has about one tenth of the value of the internal resistance of the 
motor, which is denoted by Rm. The trimmer, tweak Rm, is used to control the 
gain of the integrator such that the output of the integrator equates the inverse of 
the voltage drop due to the internal resistance of the motor. 
• The spinning motor generates a back electromotive force (back EMF), and this is 
calculated by difference amplifier 21 using the outputs from amplifiers 11 and 12. 
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• The back emf is then fed into difference amplifier 31 and compared against the 
preset back emf value. It is this difference that is the error signal that drives the 
feedback circuit. 
• Amplifier 22, together with its surrounding components, produces a saw-tooth 
waveform that will smooth the transition of the circuit from driving the motor to 
not driving. 
• Amplifier 32 is configured as an integrator to control the power to the motor via a 
class B totem pole transistor configuration. This linear amplifier controls the 
rotational speed of the motor by adjusting the voltage across the motor. 
 
 
Figure B.1. Basic constant speed motor control circuit that uses closed loop feedback 
to keep the motor running at constant speed irregardless of loading.  
 








Using the design shown in figure 1, I designed a circuit based on that which can be 
used with the measurement machine that Mr Ang has. This machine is capable of 
producing two signals, START and STOP, to control a motor control unit that is used 
to motorize the motion of the crosshead. These signals are generated as follows: when 
the crosshead reaches the userdefined start position, the START signal will be pulsed; 
on the other hand, when the crosshead reaches the user-defined stop position, the 




  Left Circuit    Right Circuit 
Figure B.3. Circuit schematics showing both the left circuit taken from figure 1 and 
the self-designed right circuit to accept input signals from the measurement device. 
 
The circuit that I have designed is shown in figure 3. The circuit on the left side of the 
motor is essentially the same as that of figure 1. On the right side of the motor, there 
is an additional circuit which accepts 2 signals from Mr Ang’s measurement machine. 
When the START and STOP signals are detected, the rising edge of these signals will 
trigger a flip flop (7474 Dual D-type positive edge triggered flip flop IC), which will 
transit from ‘0’ to ‘1’. This ‘1’ signal will then be stepped up to +12V and inverted by 
an op-amp in its comparator configuration and transistor T2 will then switched off, 
cutting off the power supply to the motor. The signals detected are shown by using a 
green LED (which represents START) and a yellow (which represents STOP) LED. 
Figure 4 shows the design of the power supply circuit. A transformer is first used to 
step down the input AC voltage from 240V to about 15V, which is then rectified via a 
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set of diodes and voltage regulators, to +12V and -12V for use by the circuit. Also, 
the +5V power supply needed for the logic chips is obtained by stepping down the 
+12V supply using a 7805 +5V voltage regulator. 
 
 






The previous circuit is then modified to make use of pulse width modulation (PWM) 
at the request of Mr Ang. He needed the motor to be running at full torque 
irregardless of its rotational speed. The class B linear amplifier powering the motor in 
the previous circuit design controls the speed of the motor by adjusting the voltage 
across it and this is disadvantageous as the torque of the motor is reduced if the motor 
is not running at full speed. The use of PWM avoids this problem by pulsing the 
motor – the motor is either switched fully on or fully off. As such, the motor either 
runs at full speed or it does not. Hence, the motor will still be able to output its full 
torque and its speed is controlled by controlling its on-off timing. 
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The main part of the circuit to be modified is the class B totem pole linear amplifier. It 
has to be removed and the circuit modified to use PWM. The modification is shown in 
figure 5. From figure 5, we see that the class B totem pole amplifier configuration is 
removed and the output signal of the integrator is fed to the comparator, which 
compares this signal with a triangular waveform to produce a square wave PWM 
signal. This signal is then stepped down to +5V using an op-amp in its comparator 
configuration and then fed into the enable input of the L298 driver chip. When the 
enable signal is high, the L298 chip, together with the L6210 diode bridge, sends 
power to the motor. 
 
Due to the use of PWM driving the motor, the back emf produced by the motor will 
be of the same waveform as the PWM pulse, which is a square wave. Hence, to 
measure this back emf, the voltage signal from the motor terminal has to be passed 
through a two stage filter to smoothen it. The signal is first passed through a DC 
converter to convert the square wave signal into a continuous signal. The ripples in 
the output from the DC converter is then smoothened by using a low pass RC filter 
before being fed into the feedback circuit shown in left circuit of figure 5, which is 
essentially the same as figure 1. 
 
The PWM reference signal used in this circuit is 50 kHz. As such, the frequency of 
the ripples produced is 50kHz as well. To minimize this ripple, I used a RC low pass 
filter. The resistor is chosen to be 1.8kΩ and the capacitor 0.01uF. 
 
The control signals from Mr Ang’s measurement machine are processed as per the 
previous version of this circuit but with a slight difference at its end stage. The output 
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signals from the flip flop is sent into a NOR gate (7402 Dual positive NOR gate) 
which will OR the signals and then NOT it. The output signal then controls transistor 
T2 which controls the TTL input to the enable pin of the L298 driver chip. 
 
     Left Circuit     Right Circuit 
 





Appendix C. Leaf Sample Details 
 
S/No. Species (Family) Collection Locality(ies) 
1.  Adinandra dumosa Jack 
(Theaceae) 
Forest edge along Kent Ridge Road, 
south of Blocks S2 and S3  
2.  Cinnamomum iners Reinw. 
(Lauraceae) 
Roadside at the junction of Sports Drive 2 
and Kent Ridge Crescent  
3.  Dillenia suffruticosa (Griff.) 
Martelli (Dilleniaceae) 
Forest edge along Kent Ridge Road, 
south of Blocks S2 and S3  
4.  Fagraea fragrans Roxb. 
(Loganiaceae) 
Roadside along Kent Ridge Crescent, 20 
m south of the Computer Centre, and 
along Kent Ridge Drive, 20 m east of Car 
Park 16 
5.  Rhodamnia cinerea Jack 
(Myrtaceae) 
Forest within Clementi Woods, 60 m 
southwest of Masjid Tentera Diraja 
(Mosque) 
6.  Syzygium grande (Wight) 
Walp. (Myrtaceae) 
Roadside along Kent Ridge Road, south 
of Blocks S2 and S3 
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Appendix D. Model to Show Blade Deflection in  
SBCM Experiments 
 
The model below describes how an off-centre blade can lead to a force acting 
normally to the razor blade during cutting of a specimen. This normal force can 





Assuming a blade is positioned such that it is off-centre by a distance e, then the 
blade’s cutting edge will divide an unstrained specimen of length l into two parts of 
length l1 and l2, respectively, as shown in Figure D.1A. As the cutting edge (which is 
embedded in the specimen during cutting) descends a distance d from point X to point 
O, it stretches the specimen and increases the length of the original two parts to h1 and 
h2, respectively, as shown in Figure D.1B. 
Figure D.1. How a blade offset from the centre or mid-point of the specimen can 
result in unbalanced forces acting on the blade. A) A descending offset blade contacts 
the specimen and starts to push it down, B) The offset blade bends the two parts of the 
specimen by unequal amounts, creating unequal tension in each part of the specimen. 

















 Assuming the specimen has a uniform Young’s modulus E, where E = stress/strain, 
and the deformation is elastic, then the tension in each specimen part as shown in 










lhEA )( −  
where A is the load bearing cross-sectional area of the specimen.  
 
The difference in the horizontal component of the tension in each specimen half, ∆TH 
at any instant is given by: 
 













































hhlehhEAl ++−  (1) 
 
where h1 = 22 )2( e
ld −+ and h2 = 22 )2( eld ++ , by the use of Pythagoras’ 
Theorem. 
  
Note: If e = 0, then h1 = h2 and ∆TH = 0. Here, h1 is taken to be smaller than h2. 
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From Equation 1, ∆TH is directly proportional to Young’s modulus E, and the load-







−> ) mean that 








−< ) mean that the blade is being pushed to the right. Under typical 
experimental conditions of e = 0.1–0.3 mm, d = 1–2 mm, and l = 9–15 mm, ∆TH is 
always positive. Hence, if the ratio le decreases, ∆TH and U, the strain energy stored 
within the blade, will also decrease. It is therefore desirable to reduce the ratio of 
le to a minimum, mainly by reducing e or by increasing l (which has a lesser effect). 
  








Appendix E. Data Tables 
 
E.1 Data for Determining Optimal Test Parameters (PET Plastic) 
 
Toughness of PET Plastic (Jm-2) 
Blade Angle = 20° Blade Angle = 25° Blade Angle = 30° 
Gap Width Gap Width Gap Width 
9 mm 12 mm 15 mm 9 mm 12 mm 15 mm 9 mm 12 mm 15 mm 
2192.9 2207.8 2214.3 2312.6 2185.6 2240.2 2411.9 2218.0 2383.9 
2171.6 2171.0 2159.0 2307.6 2250.5 2215.8 2555.5 2316.3 2460.1 
2174.6 2187.4 2218.9 2291.1 2208.6 2119.3 2435.9 2403.6 2355.7 
2163.1 2177.8 2106.9 2185.8 2306.5 2243.7 2577.3 2234.2 2368.6 
2150.4 2221.6 2178.6 2120.6 2111.4 2225.4 2543.4 2352.2 2243.8 
2217.2 2144.4 2206.8 2304.4 2280.0 2258.1 2428.9 2379.5 2372.4 
2247.9 2222.2 2136.7 2168.4 2243.6 2200.2 2286.4 2369.6 2261.7 
2217.5 2166.0 2240.6 2219.4 2251.4 2167.2 2573.5 2385.1 2328.2 
2101.0 2162.0  2286.0 2287.9 2246.1 2404.8 2388.3 2412.3 
2103.2 2131.0  2224.6 2247.4 2188.5 2566.1 2255.7  
   2337.4 2195.90 2176.9  2463.6  
    2194.20     
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E.2 Data for Determining Optimal Test Parameters (Copier Paper) 
 
Toughness of Copier Paper (Jm-2) 
Blade Angle = 20° Blade Angle = 25° Blade Angle = 30° 
Gap Width Gap Width Gap Width 
9 mm 12 mm 15 mm 9 mm 12 mm 15 mm 9 mm 12 mm 15 mm 
793.3 747.3 727.7 912.0 842.5 946.8 915.8 965.6 928.1 
801.1 817.6 776.4 804.5 870.0 807.9 854.6 827.7 888.6 
750.2 803.1 841.8 791.7 879.5 943.4 834.0 965.2 917.6 
746.0 789.5 860.6 850.3 888.6 922.4 961.5 882.1 951.5 
847.0 822.1 811.4 940.0 845.0 893.4 963.5 906.9 874.6 
846.7 825.2 772.7 825.7 837.7 822.5 961.5 880.7 854.6 
896.1 815.2 770.1 983.5 805.2 822.8 914.1 915.9 954.3 
835.3 772.0 801.5 846.4 913.1 886.3 878.2 937.0 929.0 
759.3  867.9 949.0  840.3 876.7 966.6 840.8 
  761.0 905.0  836.0 963.3 818.7 892.7 
     866.5  983.4 982.8 
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┴ to 2o veins ┴ to 2o veins ┴ to 2o veins ┴ to 2o veins ┴ to 2o veins ┴ to 2o veins 
1 2207.8 747.3 960.5 138.6 215.3 75.9 70.8 152.1 141.5 
2 2171.0 817.6 913.4 134.6 206.0 88.9 78.4 171.2 171.1 
3 2187.4 803.1 939.4 136.7 210.6 94.9 80.8 133.4 161.8 
4 2177.8 789.5 935.3 137.4 216.8 85.0 79.7 162.0 178.8 
5 2221.6 822.1 921.9 116.8 212.8 102.8 70.8 149.8 189.1 
6 2144.4 825.2 965.1 124.7 231.5 85.3 78.1 148.0 153.4 
7 2222.2 815.2 910.4 111.1 209.4 94.1 89.7 140.8 171.7 
8 2166.0 772.0 850.0 123.5 216.8 97.6 93.4 161.4 165.5 
9 2162.0   125.1 217.9 89.5 85.0 160.9 182.3 
10 2131.0   107.0 208.2 80.9 101.7 177.0 166.2 
11    138.1 222.2 92.0 85.0 165.8 169.8 
12    119.4 239.2 80.6 84.2 164.3 226.6 
13    144.8 239.9 82.1 78.6 170.2 195.5 
14    129.2 227.2 88.2 95.0 150.9 161.2 
15    126.7 241.1 84.0 89.0 176.8 204.9 
16    145.9 240.3 86.3 97.1 184.7 167.1 
17    125.8 244.7 98.9 96.9 185.7 162.3 
18    121.0 229.0 104.7 88.8 155.9 217.4 
19    117.8 197.2 73.8 86.9 189.1 192.5 
























Paper ┴ to 2o 
veins 
║ to 2o 
veins 
┴ to 2o 
veins 
║ to 2o 
veins 
┴ to 2o 
veins 
║ to 2o 
veins 
┴ to 2o 
veins 
║ to 2o 
veins 
┴ to 2o 
veins 
║ to 2o 
veins 
┴ to 2o 
veins 
║ to 2o 
veins 
1 5337.4 2023.3 2149.5 372.3 363.4 512.1 602.3 412.9 358.8 287.8 372.4 414.7 446.5 598.1 483.0 
2 5392.6 1909.9 2497.2 466.3 411.7 704.9 729.9 369.3 326.0 258.7 243.4 480.9 575.3 564.3 439.0 
3 5375.4 2023.1 2297.0 442.5 313.1 645.5 660.3 361.1 272.9 260.2 290.2 507.1 573.5 598.3 417.4 
4 5482.5 1772.2 2152.4 363.9 338.9 749.5 716.8 330.4 378.3 291.9 351.0 513.9 622.2 623.7 473.9 
5 5045.6 1931.4 1973.1 451.0 408.5 644.3 739.0 337.3 347.6 314.6 271.1 477.6 744.9 512.2 540.4 
6 5155.0 2022.2 1996.8 255.5 279.7 793.1 758.9 367.1 314.6 295.8 284.7 435.9 618.7 585.9 667.0 
7 5303.5 1899.6 1819.4 378.7 381.7 763.2 694.1 283.6 297.2 257.5 259.3 478.2 586.6 562.1 396.2 
8 4999.8 1935.6 2100.4 311.4 328.2 725.5 844.7 366.0 366.7 283.5 286.8 529.0 535.9 592.2 571.0 
9 4996.8 2030.8 2263.9 465.3 371.5 761.2 752.6 404.6 352.1 303.1 283.8 604.6 562.2 725.1 627.6 
10 4817.8 2245.5 2111.0 434.0 318.4 762.8 875.6 232.5 252.1 324.9 285.4 614.3 624.8 551.2 383.2 
11 4943.3 2215.9 2401.9 516.7 367.3 856.7 737.3 326.6 362.8 264.3 264.1 595.6 694.0 618.4 551.7 
12 4885.9 2082.4 2278.5       295.8 307.5 601.7 744.6   
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E.5 Corrected and Uncorrected Scissoring Data For Non-biological Specimens 
 
Toughness (Jm-2) 
PET Plastic A4 Copier Paper No. 542 Filter Paper 
Corrected Uncorrected Corrected Uncorrected Corrected Uncorrected 
5337.4 5515.2 2023.3 2096.6 2149.5 2207.0 
5392.6 5624.0 1909.9 1933.6 2497.2 2524.6 
5375.4 5557.7 2023.1 2131.2 2297.0 2353.9 
5482.5 5648.1 1772.2 1897.7 2152.4 2201.5 
5045.6 5220.9 1931.4 2012.3 1973.1 1999.5 
5155.0 5331.1 2022.2 2101.8 1996.8 2037.2 
5303.5 5497.3 1899.6 1975.2 1819.4 1854.8 
4999.8 5176.0 1935.6 1983.9 2100.4 2135.0 
4996.8 5159.9 2030.8 2096.5 2263.9 2292.9 
4817.8 5015.3 2245.5 2290.7 2111.0 2142.2 
4943.3 5268.9 2215.9 2330.1 2401.9 2515.0 
4885.9 5190.6 2082.4 2193.5 2278.5 2385.1 
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E.6A Corrected and Uncorrected Scissoring Data For Biological Specimens 
 
Toughness measured in direction parallel to secondary veins  
Adinandra dumosa Cinnamomum iners Dillenia suffruticosa Fagraea fragrans Rhodamnia cinerea Syzygium grande 
Corrected Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected Uncorrected 
363.4 423.2 602.3 658.9 358.8 398.2 372.4 391.0 446.5 471.2 483.0 555.3 
411.7 516.0 729.9 816.4 326.0 357.4 243.4 285.2 575.3 592.1 439.0 577.7 
313.1 382.9 660.3 729.2 272.9 301.6 290.2 309.5 573.5 601.8 417.4 485.1 
338.9 428.3 716.8 794.7 378.3 410.0 351.0 375.8 622.2 644.7 473.9 573.4 
408.5 481.0 739.0 828.0 347.6 391.9 271.1 297.2 744.9 803.3 540.4 691.0 
279.7 320.2 758.9 838.8 314.6 345.0 284.7 290.2 618.7 664.3 667.0 797.2 
381.7 470.1 694.1 806.1 297.2 324.5 259.3 290.8 586.6 608.6 396.2 507.8 
328.2 383.0 844.7 956.3 366.7 390.8 286.8 315.6 535.9 605.1 571.0 667.5 
371.5 405.4 752.6 857.7 352.1 377.0 283.8 307.1 562.2 581.7 627.6 686.0 
318.4 375.0 875.6 940.3 252.1 284.9 285.4 323.3 624.8 684.0 383.2 470.5 
367.3 430.0 737.3 846.9 362.8 402.5 264.1 293.7 694.0 728.2 551.7 664.6 
      307.5 341.0 744.6 763.7   
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E.6B Corrected and Uncorrected Scissoring Data For Biological Specimens 
 
Toughness measured in direction perpendicular to secondary veins 
Adinandra dumosa Cinnamomum iners Dillenia suffruticosa Fagraea fragrans Rhodamnia cinerea Syzygium grande 
Corrected Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected Uncorrected 
372.3 478.8 512.1 586.8 412.9 450.9 287.8 302.5 414.7 454.3 598.1 660.9 
466.3 536.4 704.9 775.8 369.3 399.4 258.7 271.7 480.9 521.2 564.3 684.5 
442.5 500.4 645.5 726.7 361.1 382.2 260.2 300.3 507.1 550.9 598.3 626.3 
363.9 503.6 749.5 839 330.4 343.9 291.9 346.7 513.9 534.4 623.7 728.2 
451.0 489.8 644.3 715 337.3 358.9 314.6 328.6 477.6 521.3 512.2 659.1 
255.5 335.8 793.1 885.1 367.1 392 295.8 328.4 435.9 461.8 585.9 731.1 
378.7 476.8 763.2 853.5 283.6 305.6 257.5 294.6 478.2 500.3 562.1 662.3 
311.4 413.6 725.5 813.9 366.0 387.1 283.5 312.6 529.0 568.2 592.2 650.4 
465.3 525.6 761.2 870.1 404.6 428.9 303.1 326.1 604.6 649.1 725.1 805.1 
434.0 484.4 762.8 856.7 232.5 275.4 324.9 362.3 614.3 655.4 551.2 620 
516.7 602 856.7 962.6 326.6 364.8 264.3 278.7 595.6 642.1 618.4 686.5 
      295.8 325.4 601.7 622.2   
 
